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PART III 

Submarine banks in the coral seas —Most modern writers on the 
coral-reef problem have followed Darwin in explaining the sub- 
marine banks of the coral seas as submerged atolls which had sub- 
sided so fast that their reefs were not built up to the sea surface; 
but they are regarded by Daly as representing still-standing pre- 
glacial volcanic islands, reduced first by long-continued erosion to 
low relief, and then by abrasion before or during the glacial period 
to smooth platforms, around which postglacial reefs have been less 
completely formed than around the corresponding platforms of ordi- 


nary atolls. Thus here again subsidence is the essential factor of 
the older explanation, while it is essentially excluded from the newer 


one. One explanation is as easily conceived as the other; the 
difficult matter is, as before, to find appropriate tests by which the 
true explanation can be determined. If the submarine banks were 
today all of the same depth and if they still preserved the form of 
very flat cones which abrasion would give them the problem might 
be easily solved; but their depths vary and their form is not that 
of flat cones but. as a rule, of shallow saucers; thus the problem 
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becomes complicated. The dimensions of some of the largest 
banks in nautical miles and fathoms are as follows: 





Bank Location Length Breadth Central Depth 
Macclesfield China Sea 95 35 | 55-60 
Tizard " i 25 10 48 
Seychelles Indian Ocean 200 80 40 
Great Chagos - “ 90 70 48 
\mirante ™ ” go 20 30 
Namuka ..| Pacific Ocean 30 25 45 


The Macclesfield bank, the largest of several submarine banks 
in the China Sea, is a good example. Interesting accounts of it 
have been published by the British Admiralty. It possesses an 
incomplete rim, occupied by living corals, which rises around the 
margin to minimum depths of about 1rofathoms. Now if this bank 
has an abraded platform for a foundation, the depth of the platform 
should increase from the center outward and should be at least 
10 or 15 fathoms more at the margin than at thecenter. Hence the 
bank margin, originally 55 or 60 fathoms and now only 1o fathoms 
below present sea-level, must have been built up at least 45 or 50 
fathoms in postglacial time, and at half-distance from margin to 
center the bank must have been aggraded 15 or 20 fathoms in order 
to convert its initial flat cone into the present shallow saucer. But 
if so much change has taken place outside of the center, the center 
itself must have been significantly aggraded, and its actual depth 
is therefore not a true measure of the depth of its buried rock 
foundation. 

The same uncertainty prevails as to the depth, not to say the 
very existence, of the supposed rock platforms that are assumed 
to serve as foundations for other submarine banks. The Great 
Chagos bank of the Southern Indian Ocean, taken by Darwin as 
the type of a drowned atoll, measures 90 by 70 miles; it has a 
broad, flat floor, 48 fathoms in depth near the center, and a broad 
rim at an average depth of 16 fathoms, from which a narrower 
rim rises nearer to the surface. The Amirante bank, in the same 

*W. U. Moore and P. W. Bassett-Smith, China Sea . . . . Tizard, and Maccles- 


field Banks, Hydrog. Dept., Admiralty, London, 1889. P. W. Bassett-Smith, Dredg- 
ings Obtained on the Macclesfield Bank, Ibid., 1894. 
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ocean, north of Madagascar, measures go by 20 miles, with a central 
depth of 30 fathoms and a rim generally under to or 20 fathoms of 
water, bearing living coral and emerging in 21 low coral islands. 
Even more extraordinary is the vast Seychelles bank, east of the 
Amirante bank, the largest example of its kind; as represented on 
Admiralty chart 721, it measures about 200 by 80 miles; its general 
depth varies from 25 to 35 fathoms, with a maximum of 40 fathoms 
not far from the central island, Mahé, and with a shoal margin 
on the northeast where several reefs and coral-sand islands reach 
the surface. Here, as in the Macclesfield bank, the marginal 
depth of an abraded platform should be significantly greater than 
its center, and the present central depth of the bank is no safe 
measure of the depth of a platform beneath it. The central island, 
Mahé, represented in more detail on Admiralty chart 1072, is singu- 
lar in being composed of non-volcanic, granitic rocks; it measures 
17 by 4 miles, and its highest summit rises 2,993 feet above sea- 
level; its shore line is not clift, but beautifully embayed, with the 
bayheads occupied by delta plains and the dividing spurs trailing 
away in declining points with no cliffs at their ends." Discontinu- 
ous fringing reefs border the points. Several other smaller granitic 
islands rise not far away. 

Mahé has, moreover, not only a narrow fringing reef at present 
sea-level, but also at a height of 80 feet patches of an elevated 
fringing reef,? which must, like the sea-level fringe, lie unconform- 
ably on the granitic slopes of the island; the date of the elevated 
reef with respect to the date of origin of the great submarine bank 
has not been studied by any of the visitors to the island—Pelly, 
Wright, Coppinger, Keller, Chun, Gardiner—whose accounts I 
have read; but if the elevated reef be the older of the two, it ought 
to have been completely worn away while the great bank, whatever 
its origin, was forming; and if the reef be the younger of the two, 
then while it was forming the great bank must have had a maximum 


t Good views of the Mahé shoreline are given by C. Keller, Die ostafrikanischen 
Inseln (Berlin, 1898), p. 160; C. Chun, Aus den Tiefen des Weltmeeres (Jena, 1900), 
p. 432; and J. S. Gardiner, “‘ The Indian Ocean,” Geogr. Jour., XXVIII (1906), 313-32, 
454-05; see p. 457. 

?C. Keller, op. cit., p. 158; C. Chun, op. cit., p. 426. 
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depth of over 50 fathoms, and the bank would then be even more 
difficult of explanation by the glacial-control theory than it is when 
considered without regard to the elevated reef. However, perhaps 
the elevated reef, if it really occurs, is only a remnant of a much 



























larger ancient reef which was, after elevation, eroded to its present 
moderate dimensions while the great bank was forming; in this 
case it would cause no embarrassment, provided the formation of 
the bank would not require so long a time as to involve the complete 
removal of any pre-existent reef and the partial erosion of the 
granitic foundation as well. The study of Mahé by the zodlogists 
and oceanographers who have visited it has not included an attack 
on this problem. 

The absence of spur-end cliffs on this granitic island discounte- 
nances the idea that it rises from an abraded platform; and to this 
it may be added that, not only the breadth of its bays, but also the 
strong unconformity between the sea-level fringing reefs and the 
granitic points which they adjoin, indicates a greater measure of 
erosion beneath present sea-level than could have been accom- 
plished while the ocean was lowered during the glacial period; and 
this calls for subsidence from a former higher stand. 

Namuka bank, the largest of several banks in the Tonga or 
Friendly islands of the South Pacific, is peculiar in having a slant- 
ing surface; it is 30 fathoms deep on the eastern side, where it is 
rimmed by a reef that rises toward or to the surface; it inclines 
gradually to the western, reefless margin, where its depth varies 
from 50 to 70 fathoms. Hence this bank has probably been tilted 
since it was formed. Other banks in the Tonga group also suggest 
recent deformation; none of them confirm the assumption that 
their foundations have enjoyed a long-enduring stability. 

As compared with the profound basins of the ocean, submarine 
banks may be all described together as having small and similar 
depths; but when separately examined their individual depths 
vary by large fractions of their mean depth. If large and small 
banks are compared their depths are in a general way found to 
decrease with their diameters, but there are many departures from 
this rough rule. The vast Seychelles bank (40 fathoms) is not so 
deep as the Great Chagos (48 fathoms) and the Macclesfield (55-60 
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fathoms) banks; the smaller banks are usually 25 fathoms deep, 
but the smallest are about as deep as the middle-sized banks: thus 
Turpie bank, 23 miles long, is 27 fathoms deep; for Alexa bank the 
figures are 18 and 24; Waterwitch, 10} and 25; Penguin, 9 and 
25; Hazel Holme, 5 and 25. The Saya de Malha bank in the 
Southern Indian Ocean southeast of the Seychelles bank is most 
exceptional in this respect; although only about 20 miles in diam- 
eter it has a central depth of 64 fathoms, with a rim of 20 fathoms 
or less around the northeastern margin. I have not been able to 
conceive of any way to account for this bank under the postulates 
of the glacial-control theory. 

As to banks of moderate size and of 20 or 25 fathoms depth, any 
platform that lies beneath them should be as deep as, indeed some- 
what deeper than, the platforms of the great banks; hence the 
thickness of the deposits by which the smaller banks are aggraded 
must measure at least 20 or 30 fathoms; but as this measure is 
obtained only by assuming that the platform exists at a proper 
depth, it has no particular value. 

It is interesting to note in passing that the central areas of the 
smaller reef-rimmed banks have extraordinarily smooth floors, 
presumably the work of the heavy swell that must sweep across 
their submerged rims and distribute very evenly all available 
sediments. It was, indeed, the smooth floors of these banks that 
led Wharton to abandon Darwin’s theory of subsidence, which he 
conceived as requiring a “deeply concave surface”’ in the floors 
of atolls, whether their rims be at sea-level or below; he suggested 
instead that the flat floors of atoll lagoons and of submarine banks 
represented former volcanic islands, smoothly truncated by the 
waves of the ocean at its present level,’ and he tacitly postulated 
that reef-building corals were not present until the work of abrasion 
was completed. Daly gives a more reasonable statement of the 
conditions under which abrasion could act, but in saying, ‘* Whar- 
ton’s choice of the agency which produced the flatness of lagoon 
floors and of banks seems irresistible,” he does not make sufficient 
distinction between the evenly aggraded, reef-rimmed floors of the 
smaller submarine banks at such depths as 20 and 25 fathoms, and 


*W. T. L. Wharton [Address], Rep. Brit. Assoc. Adv. Sci. (1894), pp. 699-710. 
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their supposed abraded platforms, which according to the glacial- 
control theory should be some 20 fathoms deeper; and in adding 
that Wharton “rightly regarded this flatness as fatal to the Darwin- 
Dana theory” (196), he disregards the capacity of lagoon waves 
in true atolls and of the ocean swell over submerged atolls or banks 
to produce smooth lagoon floors, whatever the form of the buried 
foundation. This capacity seems to me well proved. Hence, as 
far as the features of atolls and submarine banks are concerned, the 
necessity of accepting the glacial-control theory is not constraining; 
the possibility of accounting for the form and the depths of atoll- 
lagoon floors and of submarine banks as a result of their slow, 
variable, intermittent subsidence is still open. 

Supposed abraded platforms beneath submarine banks.—The 
variations in the depths of atoll-lagoon floors and of submarine 
banks, although of considerable measure, are, with the exception 
of the Saya de Malha bank, by no means so great as to be altogether 
incompatible with the existence of abraded platforms at uniform 
depths beneath them, as required by the glacial-control theory; 
but they seem to me too great to demonstrate the correctness 
of that theory to the exclusion of all others. On the contrary, 
they throw a certain amount of doubt upon the theory by the 
necessity that they impose of making a number of unproved, 
perhaps unprovable, assumptions in order to bring about a suffi- 
cient agreement among various unlike quantities. This doubt 
may be solved arithmetically by saying: ‘Since probably not more 
than 5 to 25 m. can be allowed for the thickness of the post- 
glacial calcareous veneer in the wider lagoons, the accordance of 
platform depths for the wider lagoons and reefless banks seems 
clear. . . . . The agreement is visible in spite of possible, though 
necessarily slight, uplift or subsidence”’ (Daly, 193, 194); but such a 
solution is not convincing. It involves the venturesome postulate 
of a long-enduring still-stand of the islands concerned, the very 
questionable process of abrasion while the reefs were supposedly 
dead, and the entirely unknown total thickness of calcareous 
deposits in lagoons and on banks. A solution containing so many 
undetermined quantities must remain very uncertain. The uncer- 
tainty will be more apparent if we return to the case of the 
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Macclesfield bank, which is instanced as typical ‘of its class, and 
inquire particularly as to the validity of the assumptions that are 
necessary in order to explain it by the glacial-control processes. 
The assumptions appear to be about as follows: 

If a volcanic island about the size of Hawaii stood still long 
enough in preglacial time, it would be reduced to low relief and 
would be surrounded by shoals of its own detritus mingled with 
reef deposits. If any defending reefs were killed by the chilled 
and lowered glacial ocean, the low island would be attacked by the 
waves; and, if the attack endured long enough, the island, still 
stationary, would be reduced to a smooth platform having the form 
of a very flat cone. Such a platform would have about the area 
of the Macclesfield bank. Then as the sea finally warmed and rose 
again the bank would be more or less rimmed with a reef and 
aggraded with wave-swept sediments. This succession of supposi- 
tions is, like many another, easily conceivable; but it is so full of 
improbabilities that it cannot command acceptance, as the following 
considerations will show. 

The instability of the Australasian Archipelago——The improba- 
bility that wave attack was effective in truncating preglacial islands 
has already been sufficiently set forth; some uncertainty as to the 
lowering of the glacial ocean by so much as 35 or 40 fathoms will be 
pointed out below in the section on “extra-tropical submarine 
banks; we may here inquire whether the region of the Macclesfield 
bank can be fairly regarded as one of long-enduring stability. No 
inquiry based on geological evidence regarding the region concerned 
appears to have been made on this point. Stability seems to have 
been assumed in order that an even platform might be abraded and 
a smooth bank formed by subsequent aggradation. If this assump- 
tion be temporarily set aside, the geological relations of the bank 
may be inquired into impartially. The general situation of the 
bank in a deep sea on the border of a large continent is not one that 
would be chosen, on general principles, as presumably stable. The 
prevailing opinion as to the instability of continental borders is 
summarized by Chamberlin and Salisbury, who suggest that 
mutual crowding and crumpling may take place, accompanied by 
fracture and slipping, where the edges of elevated continental 
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segments and of depressed oceanic segments of earth’s crust adjoin; 
and that tracts of low resistance to deformation may be expected at 
or near the border of continents, “‘ where the crust is already flexed 
in its descent from the continental platforms to the ocean bottoms.” 

Furthermore the China Sea, from the depths of which the 
Macclesfield bank rises, is bordered by embayed coasts on nearly 
all sides. The embayments of the coast of China in the Hong Kong 
district are manifestly due to the submergence of a maturely eroded 
mountainous area; the reef-free headland points are little clift, 
and the breadth as well as the probable rock-bottom depth of the 
bays appears to be greater than could have been produced by sub- 
aérial erosion during the glacial epochs of the glacial period; thus 
recent subsidence is indicated on that side of the China Sea. On the 
east the sea is inclosed by the Philippine Islands, where diverse 
earth movements of modern geological dates are abundantly proved. 
The southern part of the sea, where Tizard and other submarine 
banks rise, is inclosed on the east by the long island of Palawan, the 
southernmost member of the Philippine group, with a wonderfully 
embayed coast, as shown on Admiralty chart 967, or better on 
United States Coast Survey chart 4316; its headlands are not 
clift and are almost free from fringing reefs; they have a rapid 
descent to depths of from 15 to 25 fathoms close to the shore line. 
The chart has every appearance of accuracy; hence the absence of 
cliffs on the delicate spur-end points between the intricate embay- 
ments is significant. A submarine bank stretches westward from 
the embayed shore line; it is from 15 to 30 miles wide and from 40 to 
60 fathoms deep near its outer margin, where it is rimmed by an 
imperfect barrier reef that rises discontinuously toward the sea 
surface. It seems impossible to regard this broad bank as the work 
of abrasion, because the headlands of the coast behind it are not 
clift; it seems equally impossible to regard the broad embayments 
of the coast as the product of subaérial erosion during the epochs 
of lowered sea-level in the glacial period, because of their great 
width; recent and rapid subsidence of a reef-fronted coast is thus 
strongly indicated. Farther north the west coast of Luzon is much 
less embayed than Palawan and is without a broad off-shore bank; 


t Geology, 1 (1904), 522; II (1904), 127. 
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here, according to Becker, elevation has predominated in late 
Tertiary and post-Tertiary time; thus differential movements of 
Palawan and Luzon are suggested. Other differential movements 
of late date within the Philippines are abundantly proved by various 
records, such, for example, as the elevated reef terraces briefly 
described by Becker as occurring on the islands of Cebt@ and Negros 
(see below) but absent on neighboring islands. Evidence of recent 
and rapid subsidence in some of the Philippine Islands, as shown 
by their narrow, unconformable fringing reefs, will be presented in 
a forthcoming article in the Bulletin of the Geological Society of 
America. 

But besides all this it must be remembered that the China Sea 
is, unlike the shallow Yellow Sea on the north and the shallow 
Java Sea on the south, one of those deep mediterraneans that are 
inclosed along the eastern border of Asia by festoons of islands 
in which, geologically, modern movements are the rule. Darwin 
wrote of this region, ‘‘ Between the Indian and Pacific oceans 
north of Australia, lies the most broken land on the globe, and there 
the rising parts are surrounded and penetrated by areas of sub- 
sidence’’ (143). He had little evidence on which to base his 
statement, but he was right. Molengraaff much later characterized 
the same region as follows: 

In the eastern part of the archipelago (between Borneo and Australia) 
where a complicated topography of the land and the sea bottom prevails, deep- 
sea basins have been formed by subsidence [in the “latest geological periods’’}, 
and, during the same time, ranges of islands have been raised above the sea, 
caused by antagonistic movements which are probably still in progress.* 

The same writer cites from the report of the Dutch “Siboga’”’ expedi- 
tion a remarkable dredging record made on September 1, 1900, for 
the middle of the Ceram Sea, between Celebes and New Guinea: 

From a depth ranging from 1,633 to 1,304 m. over a distance of no less than 
three nautical miles, large quantities of recent, reef-building coral were there 
dredged, which . . . . by a thick cover of manganese revealed their long stay 
in the sea-water. . . . . The nearest point in these regions where living reef- 
building corals occur near the surface lies at 42 kilometers from the point where 
the dredging took place. . . . . In order to explain the result of this dredging 


1G. A. F. Molengraaff, ““On Recent Crustal Movements in the Island of Timor,” 
Proc. k. Akad. Wet. Amsterdam, XV (1913), 224-35. 
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I should rather suppose that on that spot in the Ceram Sea . . . . a drowned 
coral island rises to about 1,300 m. below sea-level. Such a supposition seems 
justified if it is borne in mind that the Ceram Sea is one of the most remark- 
able trough-shaped deep basins in the eastern part of the Indian archipelago, 
the origin of which is probably connected with crust movements in Pleistocene 
and post-Pleistocene times. They were formed by downward movements, 
simultaneous with, and more or less compensated by, elevations of about 
equal amount of other parts.’ 

The crustal instability inferred for the Ceram Sea is not excep- 
tional. Recent studies in other parts of the great archipelago attest 
a wide extension of diverse movements in late geological times. 
Thus the Sarasin brothers infer various movements of Celebes in 
modern geological periods,? and more detailed studies of the same 
island by Ahlburg and Abendanon reach similar conclusions. The 
first of these two investigators has published a monograph in which 
various changes of island level are described. The second has 
given an abstract of his report on a geological and geographical 
traverse of middle Celebes in the Journal of the Dutch Geographical 
Society; it is there stated that a region of crystalline rocks which was 
reduced to a peneplain in Oligocene time has suffered great dis- 
placements in later periods, including plio-Pleistocene upheavals of 
1,000 meters, and subsidences of similar measure; the deepening of 
the adjoining seas is explicitly stated to have accompanied the 
elevation of land areas, thus indicating strong differential move- 
ments. Many other articles might be cited to the same conclusion. 
Thus Becker’ and Smith® both testify to diverse movements in the 

G. A. F. Molengraaff, ‘‘The Coral-Reef Problem and Isostasy,” Proc. k. Akad. 


Wet. Amsterdam, XIX (1916), 610-27; see p. 624. Fine charts of the Australasian 


mediterraneans are given by G. F. Tyddeman, Hydrographic Results of the Siboga 


Expedition, Leiden, 1903 

P. and F. Sarasin, Ueber die geologische Geschischte .... der Insel Celebe 
Wiesbaden IQOI 

'J. Ahlburg, “Versuch einer geol. Darstellung der Insel Celebes,” Geol. and 
Pal. Abh., XII (1913), heft 1 

‘+E. C. Abendanon, “Historische Geologie van Midden-Celebes,”’ Tydschr. k. ned. 


dr. Gen., XXIV (1917), 2-456, 548-64. 
G. F. Becker, “Report on the Geology of the Philippine Islands,” U.S. Geol. 
Surv., 21st Ann. Rept., 1901, Part LII, pp. 1-139; see pp. 19, 60. 
W. D. Smith, “Contributions to the Physiography of the Philippine Islands. 


I, Ceba Island,” Phil 


Jour. Sci., 1 (1906), 1043-57. 
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Philippines: Becker states that there is a great unconformity on 
Ceba and Negros between the Miocene lignitic series and the coral- 
limestone mantle, which in Cebé extends to an altitude of 2,362 
feet; Smith gives an account of the island of Cebd, the strata of 
which have suffered profound folding and much erosion followed 
by submergence, reef formation, and emergence. 

Instability of this region is also to be inferred from the mention 
of disturbed Tertiary deposits in Koté’s account of the Malayan 
Archipelago,’ and in Richthofen’s essay on “Formosa and the 
Riukiu Islands.” 

In view of the accordant testimony of all these observers it 
would seem that the deep mediterraneans on the eastern border of 
Asia have presumably suffered deformation in modern geological 
time, and that long-enduring instability is by no means a probable 
characteristic of the Macclesfield bank. Indeed, as Suess’ and 
others have suggested, the deepest seas are, like the highest 
mountains, very likely due to modern deformation. If one were 
asked to select a deep-sea area where rapid subsidence might be 
expected and where drowned atolls might therefore occur, and 
where long-continued stability appears improbable, the China Sea 
would seem to be about as good an example as any other. The 
Central Pacific has probably suffered much less deformation of 
recent date than the China Sea and its neighbors; and yet there 
are signs of subsidence even in the Central Pacific, as was pointed 
out in the accounts of Hawaii and Tahiti, previously given. 

Subsidence or stability in the Indian Ocean.—As to the great 
submarine banks of the Indian Ocean, they are so remote from 
continents and large islands of decipherable history that speculation 
regarding their origin is not narrowly limited. Little help toward 
reaching a sound conclusion concerning them is found in the pub- 
lished opinions about the small islands of the Indian Ocean. For 
example, C. W. Andrews (not to be confounded with E. C. Andrews, 


* B. Koté, “On the Geologic Structure of the Malayan Archipelago,”’ Jour. Coll. 


Sci. Tokyo, XI (1899), 83-110. 


? F. V. Richthofen, ‘‘Geomorph. Studien aus Ostasien: III, Die morphol. Stellung 
von Formosa und den Riukiu Inseln,”’ Sitsungsber. Akad. Wiss. Berlin, 1902. 


3 E. Suess, Das Antlits der Erde, III (1909), 336. 
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of Sydney, New South Wales), who was sent from England to 
study Christmas Island, an elevated atoll nearly 1,200 feet high 
in the eastern part of the Indian Ocean, seems to have followed the 
belief announced by Suess regarding the elevated Loyalty atolls 
of the Western Pacific; for, although he recognized that the basal 
limestones of shallow-water deposition must have been depressed 
in order to be covered by hundreds of feet of later limestones, 
he afterward suggested that the altitude of Christmas Island 
might not be due so much to a local uplift of 1,200 feet from an 
ocean of stationary level as to a subsidence of the ocean by 1,200 
feet while the island stood still; he thus, perhaps unintentionally, 
implied that all the ocean bottom elsewhere recently subsided 
1,200 feet, and that all the islands and all the continents which did 
not emerge at the same time by the same amount also subsided 
with the ocean; or else that a smaller part of the ocean bottom sub- 
sided by a proportionately greater amount. If we could follow 
this author’s lead we should not hesitate to explain the submarine 
banks of the Indian Ocean by subsidence, for a hypothesis which 
accounts for the local emergence of a small island by a great and 
widespread sinking of the ocean bottom elsewhere need not shrink 
from explaining submarine banks by a subsidence of 40 to 50 
fathoms. But for my own part I can find little support for the 
subsidence theory of coral reefs in a hypothesis so reckless as that 
which accounts for the emergence of Christmas Island by a sinking 
of most of the rest of the world; hence we must look elsewhere 
for evidence as to the behavior of the Indian Ocean bottom. 

We thus come to Gardiner’s study of the Maldive atolls which 
led him to reject recent subsidence; for, although he accepts the 
depression of a large land area between India and Madagascar in 
Tertiary time, he asserts that “this depression is not the same as 
the slow and long-continued subsidence postulated by the upholders 
of Darwin’s theory,”’ and then, ‘‘seeing the absolute impossibility 
of subsidence affording any explanation”’’ for the Maldives, he 
concludes that ‘tan almost flat plateau at a depth of 140 to 170 
fathoms was at one time formed by the erosion and denudation of 


tC, W. Andrews, A Monograph of Christmas Island (Indian Ocean) (London, 
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an original [still-standing] land mass, or more probably series of 
masses,” and that the present shoals and reefs were afterward 
built up from the plateau to the sea surface." He thus assumes, 
as Wharton did in his abrasion theory of atolls, that destructive 
processes first wore down a non-subsiding land mass or series of 
masses to a certain depth—in the case of the Maldives to the 
considerable depth of 150 fathoms—and that organic agencies, 
which must have been in abeyance while the down-wearing was 
in progress, then proceeded to overcome the destructive processes 
and to build up the present shoals and reefs. A hypothesis which 
accounts for the Maldives by upgrowth on a series of worn down, 
still-standing land masses might also explain a number of large 
submarine banks, imperfectly reef-rimmed, as still-standing masses 
that have been similarly worn down and are not yet completely 
built up again; but neither the postulates nor the processes of 
this hypothesis commend it. 

Between the two extremes thus instanced Darwin’s theory of 
reef upgrowth during intermittent subsidence seems to me a happy 
mean. Darwin applied his theory to the Maldives in a manner that 
is still consistent with the best interpretations of oceanographic 
problems; he regarded those numerous atolls in linear arrangement 
as resulting from the disseverment of a great barrier reef upgrowing 
from a slowly subsiding foundation 
of nearly the same dimensions with that of New Caledonia . . . . for if, in 
imagination, we complete the subsidence of that great island, we might antici- 
pate from the present broken condition of the northern portion of the reef 
that the barrier reef, after repeated subsidences, would become during its 
upward growth separated into distinct portions; and these portions would 
tend to assume an atoll-like structure, from the coral growing with vigour 


round their entire circumferences, when freely exposed to an open sea [r1o]. 


Similarly Darwin’s explanation of submarine banks by subsidence 
is more in accordance with all pertinent facts than is any explana- 
tion which involves their long-enduring stability. Whether the 
fa re of reefs to grow up from such banks to the surface again is 
due to rapid subsidence, as Darwin thought, or to the injurious 


tJ. S. Gardiner, ‘‘The Origin of Coral Reefs,” Amer. Jour. Sci., XVI (1903), 


203-13; see pp. 205, 200. 
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effects of ‘clouds of sediments’”’ (211), as Daly suggests, this cause 
of failure being evidently as applicable to a drowned atoll as to an 
abraded platform, is a good subject for future investigation. 

It is not only in general, but also in certain details that the 
theory of subsidence applies to the reefs of the Indian Ocean. 
Gardiner notes that “a most important point of difference in the 
Maldives from north to south lies in the gradual increase of the 
banks |lagoon floors] in depth,” but as recent subsidence is to him an 
“absolute impossibility’ he finds no satisfactory explanation for the 
increase. The large-scale Admiralty charts of the Maldives show 
the northern lagoons to be from 20 to 25 fathoms deep, and the 
southern ones from 40 to 45 fathoms, the change being accomplished 
in about 400 nautical miles. Darwin knew these facts and said in 
the first edition of his book, “I can assign no adequate cause for this 
difference in depth”’ (42, 34), but he added in the second edition, 
“excepting that the southern part of the Archipelago has subsided 
to a.greater degree or at a quicker rate than the northern part”’ 
(74, 47). No one has since then offered any better explanation. 
It may be added that the Great Chagos bank lies about 300 miles 
south of the Maldives, and therefore Darwin’s interpretation of it 
as a drowned atoll falls in very well with his explanation of the 
southward deepening of the Maldive lagoons. When one recalls 
the various lines of geological evidence that point to the change of a 
large land area to a deep-sea bottom in the western part of the 
Indian Ocean, it seems as unreasonable to exclude recent sub- 
sidence from this region as to exclude it from the center of the 
China Sea. 

Control of depth of submarine banks.—It is not only the flatness 
of submarine banks that has been regarded as beyond explanation 
by the subsidence theory; the accordance of their depths with 
respect to present sea-level has also been instanced as impossible 
of explanation by any other cause than prolonged abrasion of still- 
standing islands by the lowered glacial ocean. As to their origin 
by abrasion, suffice it to repeat the argument already stated, 
namely, if preglacial islands of almost any composition as broad 
as the larger submarine banks were completely truncated by the 
waves of the lowered glacial ocean, then the spur ends of maturely 
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dissected volcanic islands encircled by close-set barrier reefs 
ought today to be cut off in cliffs, the face of which, where not 
obscured by apposed deposits, should descend some tens of fathoms 
below present sea-level. This argument applies with special 
force if the great Seychelles bank be considered; for there the several 
granitic islands that are still visible strongly suggest that any 
large preglacial island occupying much of the area of the bank 
would have included a good proportion of resistant rocks in its 
constitution, and such an island could have been reduced to a 
platform of abrasion only by strong wave work continued long 
enough to cut spur-end cliffs on smaller volcanic islands elsewhere, 
around which narrow preglacial reefs were the only defense. 

The inconsistency of the glacial-control theory in demanding 
broad abrasion for large atolls and submarine banks and in allowing 
only narrow abrasion around high volcanic islands within fringing 
or close-set barrier reefs is not, to my mind, satisfactorily explained 
by assuming that the atolls and banks were all represented in pre- 
glacial time by the deeply weathered, weak rocks of old, worn- 
down, still-standing islands, while the high islands were composed 
of resistant rocks of younger islands; for there is nothing to support 
such an assumption as to the preglacial representatives of atolls 
and banks except the consequence that is desired to follow from it; 
indeed the granitic islands of the Seychelles group contradict the 
assumption. Still less has a satisfactory explanation been offered 
for the other inconsistency—pointed out on page 294 in the account 
of Murea—of demanding that comparatively broad valleys must 
be eroded with respect to the lowered sea-level of the glacial period 
by the action of slow-working subaérial processes on the resistant 
rocks of high volcanic islands in the mid-Pacific area of assumed 
stability, and of denying that rock platforms and spur-end cliffs 
of significant dimensions can have been abraded in the same rocks 
while they were undefended by living reefs and attacked by the 
vigorous waves of the trade-wind seas during the same period of 
time as that in which the broad valleys were eroded. Nor can a 
satisfactory explanation of this inconsistency be found without 
concluding that the non-clift islands were protected all through the 
glacial period by living reefs. The upshot of this is that submarine 
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banks should not be regarded as the product of abrasion acting on 
still-standing reef-encircled preglacial islands while the ocean was 




























lowered in the glacial period. 

As to the depths of submarine banks being so accordant as to 
be beyond explanation, except as a consequence of abrasion at 
some such depth as 35 or 40 fathoms: It has already been pointed 
out that the actual depths are discordant, for they vary from 20 or 
25 fathoms in the smaller banks north of Fiji to 40, 50, or 60 fathoms 
in the large banks of the China Sea and Indian Ocean, and to 64 
fathoms in the exceptional Saya de Malha bank. Accordance is 
found only by subtracting larger measures of postglacial aggrada- 
tion from the depth of the shallower banks and smaller measures 
from the depth of the larger banks; and even then the depth of the 
Saya de Malha bank is not brought into accord with that of its 
fellows. Daly has pointed out, as has been previously noted, 
that small banks are, on the average, shallower than large ones, and 
has explained this relation by showing that small banks should 
be more rapidly aggraded than large ones, in so far as the detritus 
is supplied from their rim; but according to this principle small 
atolls drowned by subsidence should also be more rapidly aggraded 
and therefore shallower than large ones: hence these variations of 
depth cannot serve as ground for valid choice between the two 
theories. As the depth of actual aggradation of submarine banks 
is absolutely unknown, measures of aggradation satisfactory to 
either theory may be freely assumed, but neither theory is thereby 
strengthened. Choice between them must be made on other 
grounds 

Possible balance of processes acting on submarine banks. 
It is evidently conceivable that all the banks mentioned above 
may be neither drowned atolls built on subsiding foundations, nor 
ancient still-standing islands reduced to abraded platforms now 
more or less aggraded, but still-standing submarine masses of any 
origin now for the first time in process of building up toward sea- 
level, as postulated in the Rein-Murray theory of atolls. This 
conception cannot be proved or disproved by soundings; it can be 
tested only by indirect evidence, such as is afforded by the history of 
adjacent islands or continents and by the general action of organic 
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processes and of waves and currents. The history of adjacent 
islands indicates, as has already been shown, that long-enduring 
stability is not a necessary condition of the ocean floor in general, 
and that it is by no means a probable condition of the parts of the 
ocean floor where certain submarine banks occur. As to the 
accumulation of organic deposits on submarine banks, that is mani- 
fest enough; but the mere occurrence of such deposits does not 
prove that the banks are standing still instead of rising or sinking, 
or that loose deposits can aggrade a bank to small depths in the 
open ocean where heavy swell frequently sweeps over it. The 
submarine banks described by Buchanan’ and Murray’ may or 
may not exemplify the Rein-Murray theory of atolls; they cer- 
tainly do not demonstrate its correctness. 

In view of the slow accumulation and continual disintegration 
of organic sediments and of the increasing action of waves and 
currents upon them as their depth decreases, it is possible that the 
depth of submarine banks may be in some instances controlled 
through a rough balance between degradation by waves and cur- 
rents as well as deepening by slow subsidence and aggradation 
by accumulating sediment. Whatever their origin, the accumula- 
tion of organic detritus will tend to build up the surface; and here 
be it noted that although aggradation by inwash of detritus from a 
drowned reef rim is less effective in large banks than in small ones, 
aggradation by precipitation of floating organisms and by accumu- 
lation of bottom organisms is not affected by area; for the larger 
the area the more numerous the organisms; a very large bank may 
therefore be built up about as fast as one of medium size. On coral 
reefs there are numerous agencies, from gnawing fish and grinding 
sea slugs to boring worms and adhering algae, which reduce coral 
rock to sand and silt of such fineness that it can be easily shifted by 
the waves and currents of the lagoons. If similar disintegrating 

tT. Y. Buchanan, “On Oceanic Shoals Discovered by the SS. ‘Dacia’... . , % 
P? Roy. Soc. Edinb., X1ILI (1886), 428-43. These banks and several others off the 
coast of Africa between the Canary Islands and Spain are shown on Hydrogr. Office 


chart 1743; they are all less than 10 miles in diameter; their depths vary from 23 to 


96 fathoms 


; 


J. Murray, “Balfour Shoal, a Submarine Elevation in the Coral Sea,” Scot. 


Geogr. Mag., XIII (1897), 120-34. 
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agencies are at work on submarine banks, the fine detritus that they 
produce would be lifted from the shoal surface by the waves and 
currents and deposited on the steep exterior pitch; and the nearer 
the surface of the bank stood to the surface of the sea the more 
active would this process be. 

Evidently, then, if a former atoll were transformed into a 
submarine bank with a depth of 60 or 70 fathoms at a time of 
active subsidence, it might be aggraded to a depth of 50 or 40 
fathoms during a following time of still-stand; but further reduction 
of depth might be long prevented by wave work if no coral rim 
were built up around the margin of the bank. Hence, if still-stand 
periods are commonly of long duration and times of active sub- 
sidence are short-lived, a rough approach to similarity in the depth 
of banks would ordinarily prevail; banks of unusually great depth 
would occur only here and there for a relatively short period after 
active subsidence and would therefore be exceptional. In the case 
of submarine banks that have not subsided from a former existence 
as islands, but that have been built up by volcanic eruptions to 
such depths as 200 or 100 fathoms and have then stood still, a similar 
balance might be reached when their depth was reduced by organic 
aggradation to the critical level. As was previously noted, what- 
ever truth there is in this supposition will militate against the 
acceptance of the Rein-Murray theory, which accounts for atolls 
by the progressive aggradation of still standing banks until they 
are brought to so small a depth that reef-building corals can be 
established upon them. 

Need of oceanic exploration.—It seems improbable, however, 
that subsidence, if it be really so dominant an oceanic process as 
Darwin’s theory implies, should not in some cases overcome 
aggradation and carry some banks down to such depths as 100 or 
200 fathoms. The scarcity of large flat banks at such depths is 
manifestly a difficulty that the theory of reef upgrowth does not 
fully overcome. It is of course possible that further exploration 
of the ocean depths will discover additional examples and show 
that they are not so rare as they now seem to be; and inasmuch as 
there are unsounded areas in the Pacific as large as Australia, this 
possibility may be almost a probability; nevertheless, as long as 
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the facts are not more fully ascertained, the rarity of deep banks is, 
in my view, more unfavorable to Darwin’s theory than any other 
objection that has been urged against it. 

It may be noted that certain small sea-level reefs in Fiji appear 
to have been recently submerged by subsidence to a depth of too 
fathoms or more, after a previous appearance at sea-level and before 
their present emergence by elevation; they stand near the lofty atoll 
of Vatu Vara, which is now 1,030 feet above sea-level; at an earlier 
time, when the presumable foundation of Vatu Vara may have 
stood about as high as now so that a reef could begin to grow upon it, 
the small reefs also may have had their heads at sea-level; between 
then and now, when the reef of Vatu Vara was completing its 
upward growth upon its supposedly subsiding foundation, the 
small reefs must have been deeply submerged, because their small 
size prevented their continued upgrowth; I have suggested that 
they might then be called ‘‘ extinguished,” and that now, since they 
have been brought to the surface again by uplift, they might be 
called “‘resurgent.’”* It may be further noted that several lines 
of evidence, of which the latest one to be announced is found in 
an article by Foye,’ indicate a recent eastward tilting in the eastern 
part of Fiji, and that some small submerged banks lie beyond the 
easternmost islands, as if the tilting in their district were too great 
to be overcome by upgrowth. Close-spaced soundings in that 
region would be of special interest. A tilting is also indicated to the 
northwest of Viti Levu, the largest Fiji island, as has been noted; 
there also additional soundings are desirable. 

Extra-tropical submarine banks.—If prolonged crustal stability 
characterizes the intertropical oceanic areas in which volcanic 
foundations are crowned with atolls, it should also characterize 
extra-tropical oceanic areas where volcanic foundations are not 
reef crowned. Preglacial volcanic islands in these areas as well as 
atolls on the border of the coral zone, where the reefs must surely 
have been killed, should therefore be more or less completely 
reduced to submarine platforms of the same depth as the platforms 
that are supposed to underlie the submarine banks of the coral seas. 

t “Extinguished and Resurgent Reefs,’ Proc. Nat. Acad. Sci., II (1916), 466-71. 


2 “The Geology of the Lau Islands [Fiji],’” Amer. Jour. Sci., XLIII (1917), 343-50. 
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Large-scale ocean charts show that shallow platforms or banks do 
surround a number of extra-tropical volcanic islands, but the re- 
corded depths do not correspond to the depths that abraded plat- 
forms must have, if they exist, beneath the great submarine banks 
of the coral seas. Just as the central depths of coral-crowned 
banks are the most significant measures there offered, so the central 
depths of extra-tropical banks—or the depths close around their 
residual, cliff-rimmed islands—are also the most significant, because 
in both cases these central depths give the nearest indication of 
the attitude of sea-level when abrasion was taking place. It is 
true that the central surface of abrasion may have been worn 
somewhat below sea-level and that it may have been since then 
somewhat aggraded; but as both these variations may have similar 
values in all cases, it remains true that the central depths are the 
most significant for our purposes. The following examples may 
be cited. 

Two small volcanic islands, Bird and Necker, in the north- 
western extension of the Hawaiian group, have been described by 
Elschner' as rising with strongly clift borders of resistant lavas 
from extensive banks, one or two score miles across. Bird Island, 
latitude 23° N., is goo feet high; its bank has depths of from 12 
to 20 fathoms near the island; Necker Island, latitude 233° N., 
has a height of 300 feet; its bank has depths of less than 10 fathoms 
for a quarter-mile from its cliffs. Both banks deepen to 40 or 50 
fathoms at their borders. It is noteworthy that coral reefs occur 
not far away, and it is therefore eminently possible that reefs may 
have been formed on these island banks also, either in preglacial 
time or in an interglacial epoch, the latest of which was, according 
to glacialists, longer and warmer than the present postglacial 
epoch. But if this be the case, the presence of strong cliffs on the 
residual volcanic islands here makes the absence of spur-end cliffs 
on the reef-encircled islands of the torrid seas all the more 
significant. 

In the South Pacific, Norfolk Island, a volcanic mass in latitude 
29 S., between New Zealand and Australia, is strongly clift, 

* C, Elschner, “The Leeward Islands of the Hawaiian Group.’ Reprinted from 


the Sunday Advertiser, Honolulu, 1915. 
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according to Carne’ and Laing.’ Its cliffs rise 250 feet above sea- 
level and form a wall-like coast with few indentations; it surmounts 
a vast bank which is represented on British Admiralty charts 215 
and 1110 as measuring 60 miles north and south by 20 miles in 
breadth, with depths of 20 fathoms near the island and of 40 or 
50 fathoms near the margin. Similarly, Lord Howe Island, east 
of Australia, in latitude 32° S. (not to be confounded with a great 


atoll sometimes given the same name, but better known as “ Ongtong 
Java,” north of the Solomon group), presents, as described by 
Etheridge,’ a ragged and clift margin on its convex northeastern 
side, and a coral reef inclosing a narrow lagoon on its concave south- 
western side; it is shown on Admiralty chart 2014 to rise from a 
bank from 8 to 12 miles in diameter, submerged to depths of from 
20 fathoms near the island to 40 fathoms near the bank margin. 
Not far away the gigantic volcanic stack, known as Balls Pyramid, 
with a height of 1,816 feet that exceeds its shorter diameter at sea- 
level, rises from a 3%7-mile bank, with cliff-base depths of 15 or 
20 fathoms, and marginal depths of 40 or 50 fathoms. As in the 
case of Bird and Necker islands, these two southern examples 
may have been reef-encircled in preglacial or interglacial time, and 
may have suffered abrasion after the reefs were dead; but if so the 
reefs around the islands of the torrid sea cannot have been killed, 
for those islands are as a rule not clift. 

Mention may be made in this connection of certain exceptional 
intertropical islands that, like Tahiti and part of Hawaii, do possess 
cliftspurends. Tutuila, the easternmost of the three larger Samoan 
Islands, is ancient enough to be more or less dissected, and yet 
modern enough to be still mountainous; it is well embayed, and 
some of the bays at least seem to be drowned erosional valleys and 
not merely unfilled spaces between adjacent volcanic masses; but 
on this significant though elementary point no sufficient evidence 
is available. According to Hydrographic chart go, the salient 

t J. E. Carne [Notes on Norfolk Island], A pp. H., Ann. Rep. Dept. Mines N.S. W., 
for 1885 (Sydney, 1886), pp. 145-47. 

2R. M. Laing, “Notes on the Chief Physiographic Features of Norfolk Island,” 
Trans. N. Z. Inst., XLV (1913), 323-26. 

3 R. Etheridge, “‘The Physical and Geological Structure of Lord Howe Island,” 
Mem. Austral. Museum, No. 2. 
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points of the island are rather strongly clift, and depths of 15 or 20 
fathoms are shown close to the cliff base. Mayer has recently 
announced the occurrence of cliff-base benches 8 feet above present 
sea-level, and of a fringing reef that surmounts a submerged plat- 
form about 20 fathoms in depth; but he does not explicitly corre- 
late the origin of the valleys, now drowned in embayments, and the 
headland cliffs, some of which are 500 feet high.' The Marquesas 
Islands, farther east in the Pacific and much nearer the equator than 
the many atolls in the neighboring Paumotu group, have no reefs, 
though fragments of coral are found in the bay-head beaches; 
their headlands are strongly clift, and the depths of from 12 to 
20 fathoms are found a short distance offshore. Both of these 
examples strongly suggest that unprotected modern volcanic islands 
may have their spur ends clift by the ocean while valleys are eroded 
on their slopes; both suggest also that, as Dana suggested for the 
Marquesas and as Darwin pointed out in more general form, rapid 
subsidence may have drowned former reefs; if so, the subsidence 
must have been of so recent a date that no new reefs have yet been 
built up. These two island groups deserve abundant soundings on 
their banks and critical physiographic study of their shore lines. 

If we assume for the moment that none of the islands here 
mentioned have subsided, several inferences may be drawn from the 
foregoing facts. ‘The first is that the central depths of the extra- 
tropical banks, generally 20 fathoms or less, are decidedly smaller 
than the central depths of the large intertropical banks, which 
usually measure 40 fathoms or more; in both cases the banks may 
now be more or less aggraded, but no changes of depth thus brought 
about permit us to regard the present dissimilar depths as accordant 
and hence as confirmatory of abrasion at the same level by the 
lowered glacial ocean. Another inference is that of the two groups 
of banks it may well be the extra-tropical that are best ascribed to 
abrasion by the lowered ocean, because a lowering of sea-level by 
20 or 25 fathoms, which would suffice to cut these banks, is in 
the opinion of some glacialists a more probable measure of the 
glacial lowering of the ocean than 40 or more fathoms, which is 
demanded for the cutting of the intertropical banks. 


t \.G. Mayer, “Coral Reefs of Tutuila .... , ” Proc. Nat. Acad. Sci., UI (1917), 
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A third inference is that, as the extra-tropical clift islands 
present no signs of a bench abraded in preglacial times at present 
sea-level, such a bench, if it ever existed, must have been com- 
pletely destroyed by the undercutting of the present bench; to 
be sure, no bench would have been cut if the islands had been 
surrounded by reefs in preglacial time; but in either case we may 
further infer that if the ocean could accomplish so much abrasion 
on these hard-rock extra-tropical islands as is indicated by their 
broad platforms, cliffs ought to have been cut on the spur ends of 
the hard-rock inter-tropical islands; thus the conclusion stated in 
an earlier section is confirmed. A fourth inference is that, inas- 
much as here again the marginal depths of the banks are about 40 
fathoms, the recurrence of this measure indicates that the depths are 
not simply the work of abrasion by the lowered ocean, but of adjust- 
ment with respect to present sea-level between aggradation by 
inorganic and organic deposits and degradation by waves and 
currents. It is worth remembering in this connection that a 
number of soundings on the banks report “coral.” 

But the assumption that the islands here considered have not 
subsided is without support; the evidence given above that the 
island of Hawaii has suffered subrecent subsidence makes it not 
improbable that Bird and Necker islands also have subsided. In 
this case the fourth inference, just stated, would be of special 
importance; but the problem thus becomes so largely speculative 
that it need not be considered further at present. 

Bearing of submarine banks on the coral-reef problem.—In sum- 
marizing the considerations thus far presented, let me state 
explicitly that I do not wish to insist that the recent subsidence of 
the Ceram Sea basin demonstrates recent subsidence in the China 
Sea, which lies 1,500 miles to the northwest; nor that the geo- 
logically modern movements in the Philippines and other Australa- 
sian islands absolutely demand contemporaneous movements in 
the foundations of the Tizard and Macclesfield banks 200 or 300 
miles to the west of the Philippines; nor that subsidence of the 
foundations of these banks, if it should be proved, would fully 
certify to subsidence of the great banks in the Indian Ocean also; 
nor that the demonstrated subsidence of all these banks would 
unqualifiedly require the subsidence of all the atoll foundations in 
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the Pacific; nor that the argument based on the dissimilarity of 
central depths in intertropical and extra-tropical banks is necessarily 
fatal to the origin of the intertropical banks by the abrasion of still- 
standing preglacial islands. But, on the other hand, it does seem 
fair to urge that the abrasion of intertropical and extra-tropical 
banks can hardly have taken place (if it took place at all) at the 
same level, because of the present differences in their central depths; 
that the stability of the submarine banks in the China Sea, as 
postulated by the glacial-control theory, is made at least improbable 
by the instability of the neighboring islands and sea floors; and 
that, if the stability of these typical banks is improbable, then the 
stability of all the other banks and of atolls as well is rendered 
very uncertain; for if one smooth bank can be produced on an 
unstable foundation without the aid of abrasion, then the occurrence 
of smooth banks elsewhere and of smooth atoll-lagoon floors is no 
proof of stability. 

Furthermore, it seems reasonable to question the value of the 
often-recurring depth of 40 fathoms at the margin of submarine 
banks and around coral-reef slopes as an indication of a former 
| owered level of the ocean, and to inquire, as above, whether it may 
not be an adjustment of aggraded surfaces to the present level of the 
ocean. In view of these various uncertainties on the one hand 
and open possibilities on the other, it is not an inherent strength, 
but an easily avoided weakness, of the glacial-control theory, espe- 
cially when it is applied to such banks as those of the China Sea 
and hence presumably when applied to atolls in general, to main- 
tain that no important vertical movements of the earth’s crust are 
included in the processes by which atolls are produced. We may, 
indeed, in view of the reasons given on page 390 for discrediting 
the abrasion of atolls and low volcanic islands during the glacial 
period, and in view of the reasons later adduced against the long- 
continued stability in the China Sea, make special application of the 
results of this inquiry by saying that the Macclesfield bank cannot 
be safely regarded as representing a volcanic island, once as large 
as Hawaii, that has stood still long enough to be worn down to low 
relief and that was then planed off by the glacial ocean; it much 
more probably represents a large atoll, formed by upgrowth during 


the long-continued, slow subsidence of its foundation, and recently 
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drowned by a rapid submergence which the postglacial rise of ocean- 
level may have helped to produce. 

Darwin’s theory of the Pacific Ocean.—After Darwin had con- 
ceived the theory of subsidence and found that it accounted for the 
few reefs that he had himself seen as well as for many reefs seen by 
other explorers, he made further test of it by inquiring whether 
it would account for the distribution of reefs, and wrote on this 
aspect of the problem in his Journal of Researches on the “ Beagle” 
(1840, pp. 566, 567) as follows: 

When we consider the absence of both widely encircling [barrier] reefs and 
lagoon islands [atolls] in the several archipelagoes and wide areas, where there 
are proofs of elevation [in the form of ‘raised shells and corals, together with 
mere skirting (fringing) reefs’’]; and on the other hand the converse case of the 
absence of such proof where reefs of those classes do occur; together with the 
juxtaposition of the different kinds produced by movements of the same 
order, and the symmetry of the whole, I think it will be difficult (even inde- 
pendently of the explanation it offers of the peculiar configuration of each 
class) to deny a great probability of this theory. 

That candid statement contains the essence of a simple means 
of verification and serves to contradict those who later complained 
that Darwin had assumed that subsidence proved itself. He em- 
ployed the same means of verification twenty years later in the 
Origin of Species, regarding which he wrote, “I believe in the doc- 
trine of descent with modification, notwithstanding that this or 
that particular change of structure cannot be accounted for, because 
this doctrine groups together and explains . . . . many general 
phenomena of nature.’’ Unfortunately the two additional means 
of verification for the theory of intermittent subsidence as provided 
by embayed shore lines and unconformable contacts were not used 
by its author, but that aspect of the problem need not be further 
considered here. 

The occurrence of fringes, barriers, and atolls was more fully 
discussed in Darwin’s book on The Structure and Distribution of 
Coral Reefs (1842); here an appendix of 50 pages presents a sum- 
mary of all records then available, the results of which were shown 
upon a map; and it was these results that led to certain generaliza- 
tions as to broad areas of subsidence and of elevation in the Pacific 
which later observations have not confirmed. Darwin did not “ven- 
ture to hope that the map is free from many errors,’’ as he had to 
seek “information from all kinds of sources,”’ but he trusted that 
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the map would “give an approximately correct view of the general 
distribution of coral reefs over the whole world” (123). He added 
“We may therefore conceive that the proximity in the same areas 
of the two classes of reefs [barriers and atolls], which owe their 
origin to the subsidence of the earth’s crust and their separation 
from those [fringing reefs] formed during its stationary or rising 
condition, holds good to the full extent which might have been 
anticipated by our theory”’ (125). Thus encouraged he constructed 
a theory regarding the movements of continents and ocean bottoms 
out of his theory of coral reefs: ‘The eastern and western bound 
aries of our map are continents, and they are rising areas: the 
central spaces of the great Indian and Pacific oceans are mostly 
subsiding; between them, north of Australia, lies the most broken 
land on the globe, and there the rising parts are surrounded and 
penetrated by areas of subsidence” (143). 

The facts of reef distribution as now reported are much more 
complicated than they appeared to be in 1842. For example, 
Darwin knew the Fiji group only as containing sea-level barrier 
reefs and atolls, and therefore charted it as indicating simple sub- 
sidence. Dana also interpreted the Fiji group in this way. Since 
those earlier years many high-standing reefs have been found in 
Fiji, and certain observers thereupon completely reversed the pre- 
vious opinion and regarded Fiji as an area of simple elevation and 
as therefore contradicting Darwin’s theory. Closer study gives 
abundant evidence to show that Fiji is really an area of complicated 
oscillation, and that its reefs—those now uplifted as well as those 
still at sea-level—were formed during times of submergence, appar- 
ently the result of subsidence. The latest statement to this effect 
is an article by Foye, cited above, concerning the eastern part of Fiji. 

In view of the interesting complications thus brought forward, it 
has been said that, while the irregular uplifts and subsidences in 
Fiji support Darwin’s coral-reef theory, they “negative the idea 
of a general depression of the Pacific islands, a further conception 
of the theory.” This seems to me unwarrantably to condemn the 
subsidence theory of coral reefs. ‘The simple theory of the general 
subsidence of the Pacific Ocean bottom was based on a belief regard- 
ing the subsidence of many Pacific islands, and is not an essential 
part of the subsidence theory of coral reefs; the theory of the 
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Pacific was a supplementary idea which now proves to be erroneous 
because it was based on faulty or incomplete observations quoted by 
Darwin from the reports of other explorers. 

Darwin’s coral-reef theory itself simply postulates that reefs 
are formed by upgrowth, whenever and wherever fitting foundations 
in an ocean of proper temperature subside at a proper rate. This 
theory now needs subordinate modification by compounding the 
periodic changes of ocean-level during the glacial period with the 

hanges due to subsidence and elevation; but the theory needs no 
hange because Fiji is shown not to be an area of simple subsidence; 
indeed the theory is more strongly supported than ever, now that it 
is found to hold good, not only for areas of simple subsidence, but for 
in area of complicated oscillation such as Fiji proves to be. 

It is only the over-simple supplementary theory regarding the 
Pacific that is negatived by the new observations; that theory 
must be replaced by a newer and more complicated theory of the 
Pacific, which may well include relatively local subsidence of active 
or recently active volcanoes, as intimated in an earlier section, as 
well as ocean-floor deformation of any kind, local or widespread, 
dependent or independent of volcanic action; but such a theory of 
the Pacific does not demand any modification whatever in the theory 
of reef upgrowth on slowly or intermittently subsiding foundations; 
for, as Darwin put it, “during a gradual subsidence the corals would 
be favorably circumstanced for building up their solid frameworks 
and reaching the surface, as island after island disappeared”’ (94), 
to whatever process the subsidence might be due. That elastic 
theory, with its various special adaptations to special conditions 
as stated by Darwin, and modified as need be by combining changes 
of ocean-level with subsidence of reef foundations, still seems to 
me to give a better explanation than any other for the various and 
complicated phenomena of coral reefs. Molengraaff’s recent sug- 
gestion’ that the subsidence, which determined the formation of 
most atolls, has resulted from the local and isostatic sinking of 
their volcanic foundations is an important contribution to the 
problem, which I have briefly considered elsewhere.’ 

«The Coral Reef Problem and Isostasy,”’ Proc. k. Akad. Wet. Amsterdam, XTX 
1916), 610-27. 

2“‘The Isostatic Subsidence of Volcanic Islands,”’ Proc. Nat. Acad. Sci., III (1917) 


6490-54. 
































——_— 


et ST ieee 








teste 


Sate ¢ 


a 


Bid 
im 


CTEM IES 
ao 


rr 


SDS PRIMES 





we 


THE IRON-FORMATION ON BELCHER ISLANDS, 
HUDSON BAY, WITH SPECIAL REFERENCE TO ITS 
ORIGIN AND ITS ASSOCIATED ALGAL LIMESTONES 


E. S. MOORE 


Pennsylvania State College 


CONTENTS 
LOCATION AND AREA OF THE ISLANDS 
TOPOGRAPHY 
GEOLOGICAL FORMATIONS 
GEOLOGICAL STRUCTURE 
THE IGNEous Rocks 
THE ALGAL CONCRETIONARY LIMESTONES 
THE KEEPALLOO [RON-FORMATION 
ORIGIN OF THE [RON-FORMATION 
SUMMARY 


LOCATION AND AREA OF THE ISLANDS 


The Belcher Islands have been until recently but little known 
outside of Hudson Bay, although for decades considerable trade 
has been carried on between the trading-posts on the bay and the 
Eskimos living on these islands. On most modern maps the 
“North Belchers’’ and “‘South Belchers”’ are indicated by small 
dots, while one chart shows a sounding of several fathoms which 
would probably fall on the main island. The old map prepared 
from Sir Henry Hudson’s notes is more nearly correct in indicating 
the size of this land mass than any which has since been published. 

These islands recently have been brought to the attention of the 
public through the work of the Sir William Mackenzie Expedition 
to Hudson Bay and Straits. This expedition was in charge of 
Mr. R. J. Flaherty, and to him credit is due for the accompanying 
outline map (Fig. 1), as minor changes only have been made in his 


original copy. Although this map is the result of a reconnaissance 
survey, it serves as a basis for travel and outlines the larger features 


of the land masses. 
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On account of the discovery, by Mr. Flaherty, of large bodies 
of jasper, the writer visited the islands in the summer of 1916 for 


the purpose of reporting on the commercial value of the iron 
leposits. This is believed to have been the first visit to this district 
by a geologist, and it is owing to the kindness of Sir William 
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Fic. 1.—Outline map of the Belcher Islands, Hudson Bay 


Mackenzie, who has granted permission to publish it, that this 
geological report is presented. 

The Belchers, which contain a number of large islands, appar- 
ently form one large group rather than two small ones. The group 
is over ninety miles long and nearly sixty miles broad, and its eastern 
border lies about seventy miles northwestward from the mouth of 
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Great Whale River, on the southeast coast of Hudson Bay. Its 
latitude and longitude, as indicated on the outline map, were 
determined from astronomic observations made by Mr. Howard, a 
surveyor accompanying the expedition. There would be many 
good harbors on the islands if the bays and sounds were charted. 


TOPOGRAPHY 

The main physiographic features of these islands are long, 
narrow, more or less rounded ridges separated by sounds which are 
in few places more than two or three miles wide. These linea: 
features are due to the fact that the islands are made up of a folded 
series of igneous and sedimentary rocks which have weathered so 
that the sea has entered upon the land where the less resistant beds 
have been eroded away. The relief, as in most other pre-Cambrian 
regions, is not great, the highest point so far recognized being only) 
450 feet above sea-level. This point is located on the large basalt 
hill near the center of Tookcarak Island. Few elevations have an 
altitude of more than 250 feet, and the land presents a worn, 
glaciated surface, in most places absolutely devoid of vegetation 
and entirely without trees. This lack of vegetation on all surfaces 
except on low, drift-covered areas seems to be due, not only to a 
complete scouring of the rocks in Pleistocene time, thus removing 
all soil, but also to the ice which forms on these rocks during the 
severe winters of the present day. There must be considerable 
local slipping of ice over these smooth rocks when the spring thaws 
come 7 

lhe occurrence of poorly developed ‘gravel and bowlder beaches, 
which seem to reach as high as the highest point on the islands, is 
an interesting relic of Pleistocene time. It is probable that the 
Belchers were completely submerged during the period following 
the ice invasion and before the uplift of the whole Labrador Penin- 
sula 

\ rather peculiar topographic feature was observed on the 
basalt hill on Tookcarak Island. On this hill piles of rock were 
found, varying from 3 to 8 feet in height and from 7 to 15 feet in 
diameter. These piles are roughly conical in shape, with a depres- 


sion in the top, and their shape first suggested a possible artificial 
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; origin—some sort of mound constructed by natives. However, the 
finding of the fragments of a quartz vein, which had cut the basalt 

strewn across the pile in a straight line, showed that without doubt 
the blocks had been heaved up by the frost. The hollow in the 
top is due to the expansion of the ice forming in the depression, 
thus crowding the rock outward and upward. 


GEOLOGICAL FORMATIONS 


The islands are made up of a thick series of interbedded igneous 
rocks and sediments. To the group of sediments the name Belcher 
series has been applied, and the igneous rocks have been designated 
the Tookcarak diabase and basalt because of the fine exposures of 
these rocks on the island of that name. 

There is a close relationship between these formations and 
those on the Nastapoka Islands and in Richmond Gulf, already 
described by Low' and Leith,? and they represent deposits of the 
same system made farther offshore. There is also a very marked 
resemblance between them and the Animikie and Keweenawan 
formations of the Lake Superior region. The following strati- 
graphic section may be taken as typical of the thickness and char- 
acter of the Belcher series and the associated igneous rocks in the 


eastern part of the islands: . 
FEET 
1. Flow of basalt, ellipsoidal and amygdaloidal 230+ 
2. Iron-formation consisting of jaspilite, chert, cherty-iron-carbonate, 
greenalite, hematite, magnetite, and shale 450 
3. Pink, white, and gray coarse-grained quartzite with bands of 
coarse brown sandstone and arenaceous limestone 512 
4. Coarse brown sandstone and arenaceous limestone interbedded 
with pink and white quartzite grading into bands of gray schist 
and slate 2.304 
5. Diabase sill 8 
6. Gray, green, red, and white very distinctly banded slate and 
shale varying from calcareous to siliceous and locally containing 
perhaps 25 per cent of iron . QI0 


t A. P. Low, ‘“‘ Geology and Physical Character of the Nastapoka Islands, Hudson 
Bay,” Ann. Rept. Geol. Surv. of Canada, XIII (1903), Part DD. 

?C. K. Leith, “‘An Algonkian Basin in Hudson Bay,” Economic Geology, V (1910), 
227-46. 
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Whitish to brownish calcareous quartzite varying from very fine- 
grained and cherty to coarse-grained, and grading into black 
quartzitic slate near the diabase A77 

8. Diabase sill 80 


9. Interbedded, dark, slaty quartzite, graywacke and shale contain- 


ing considerable lime and usually highly silicified 352 
10. Silicified, crystalline limestone and dolomite interbedded with 

bands of calcareous red shale 151 
11. Thin-bedded, “ribboned”’ shales, highly banded in red, white, 

and gray. These are not uniformly siliceous, and they weather 

so as to produce striking corrugated surfaces 89 
12. Diabase dike 12 
13. Calcareous and siliceous slate 25 
14. Algal, concretionary limestone silicified and marbleized 428 
15. Diabase sill carrying much disseminated pyrite 190 


16. Mostly drift-covered, but outcrops show dense, gray, banded, 
siliceous, impure limestone and dolomite altered to talcose schist 
and serpentine near diabase 2,673 
17. Reddish to gray graywacke and arkose with narrow bands of 
jasper, shale, and sandstone 618 
18. Great mass of basalt and diabase forming the central mass of 
lookcarak Island. Che lowest rock recognized in the region and 
its thickness is uncertain, although it must be considerable. It 
is not certain whether it is an intrusion or a flow interbedded with 


the sediments (?) 
Total thickness of the section 0.5007 


Total thickness of the Belcher sedimentary series 9,079+ 


The formations of this series, which can be correlated with 
some degree of accuracy with those of the Nastapoka and Rich- 
mond groups, are the iron-formation and the algal limestones. In 
the section on the Nastapoka Islands, Low does not recognize an 
erosion unconformity, while Leith considers that there is one 
between the Nastapoka and Richmond groups. In the section 
given above, the Richmond group is but poorly represented, but 
from Leith’s description it would appear that the dividing line 
should be drawn at the bottom of division No. 16. The only 
evidence of an unconformity observed by the writer was in a narrow 
band, of about five feet, of fine-grained conglomerate and coarse 
sandstone containing little fragments of chert and jasper. This 
is near the base of the algal limestones on the east side of the 
diabase on Tookcarak Island. 

















This algal limestone is also well 
exposed on the mainland just north of 
the mouth of Great Whale River, where 
it lies directly on the Laurentian 


granites. 


GEOLOGICAL STRUCTURE 


The structure of the islands is, on 
the whole, simple. The rocks have 
been folded into large pitching anti- 
clines and synclines, with dips varying 
from 75° to almost zero and with com- 
paratively few minor folds. The heavy, 
igneous flows and sills have had some 
influence on the control of the structure, 
as seen in the accompanying structure 
section (Fig. 2). The general strike is 
nearly north and south, showing that 
these rocks were squeezed up against 
the land mass along the eastern side of 
the basin in which they were deposited, 
probably because of a settling of the 
central portion of the Hudson Bay * 
basin. They are more steeply tolded 
than the rocks which occur along the 
coast of Hudson Bay, from Cape Jones 
bevond Richmond Gulf, and which form 
the chain of islands skirting the shore 


in that region. 


THE IGNEOUS ROCKS 
The Tookcarak diabase and basalt 
bear a remarkable resemblance to the 
Keweenawan basic rocks of the Lake 
Superior region. Like those rocks, they 
are extremely monotonous in texture 


and composition. In some places they 


carry an abundance of pyrite, and 
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more rarely chalcopyrite is found. In one large sill a mass of 
impure dolomite has been inclosed, partly altered to tale and 
serpentine and impregnated with chalcopyrite. There is not 
sufficient copper, however, to be of economic interest. 

The occurrence of cobalt in a calcite vein in one of these sills 
is interesting because of its frequent association with the Keweena- 
wan diabases in other parts of Canada. A narrow vein of calcit« 
was found cutting the basalt and carrying smaltite, chalcopyrite 
magnetite, actinolite, and specular hematite. 

The relation between the igneous rocks and the sediments is 
not always clear. In most cases it is quite evident that the former 
are distinctly later than the latter, but in the case of the large mass 
of diabase and basalt forming the backbone of Tookcarak Island 
the evidence is inconclusive. It would appear that the sediments 
above it have been metamorphosed to some extent, but this cannot 
be proved to be the result of contact action. 

There are some amygdules of chlorite in its upper portion, but 
no sign was seen of ellipsoids, so common in some of the distinct 
flows in the area. Although amygdules are usually considered 
evidence of extrusion, they cannot be taken as definite evidence of 
such origin because vesicular dikes and sills are known which must 
have solidified thousands of feet below the surface. The question 
of whether an intrusive rock will be amygdaloidal or not depends 
chiefly upon the porosity of the rock adjoining it, and on the amount 
and pressure of the gases which it contains. Leith regards some of 
the sheets in the Richmond Gulf region as flows, but so far the 
writer has not found any of these interbedded igneous masses which 
he is sure are flows. There is one great extrusion, however, which 
is the youngest consolidated rock seen on the Belcher Islands, and 
which apparently at one time spread over the whole of the islands. 
It seems probable that it also extended to the Manitounick Islands 
near the coast of the bay. It immediately overlies the main band 
of iron-formation at almost every point where it outcrops. Its 
thickness is uncertain, since the flow is largely under water, but it 
is doubtless several hundred feet. Near Kasegalick Lake it is 
about 30 feet, but this does not represent its maximum thickness, 
since it has suffered much from erosion (Figs. 3, 4,5). This extru- 
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sive Mass consists of more than one flow, because in some places 
the surface of contact between two flows may be traced for a long 
listance (Fig. 6). Ellipsoidal and amygdaloidal structures are 





Fic. 3.—View of Innetallung Island showing in the foreground the limestones and 
quartzites and in the distance the white quartzite overlain by the iron-formation and 


it in turn by the great basalt flow. 





Fic. 4.—The great basalt flow overlying cherty shales and jaspilite on the shore 


of Kasegalick Lake. 
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well developed at almost every place where the surface of the 
basalt is exposed (Fig. 7). Outside of these two bodies all the 
igneous rock seen showed definite evidence of intrusive origin. 
There does not appear to be any definite relation between th: 
origin of the iron-formation and these igneous rocks, because it 
does not seem to matter whether they intrude it or are flows over 
lying it, whether they are close to it or are far removed from it 
There is in many places a little micaceous and specular hematite 
near the contact between the diabase and the adjacent sediments, 
but this seems to be independent of the original iron-formation. 





Fic. 5.—Large diabase dike cutting the jaspilite near Kasegalick Lake. It 
apparently served as a feeder for the large flow shown in Fig. 4, since the flow lies 
over the jaspilite just beyond the upper left-hand corner of the picture. 


THE ALGAL CONCRETIONARY LIMESTONES 


In recent years much attention has been paid to the study of the 
minute organisms which play an important rdéle as precipitating 
agents in calcareous and iron-bearing solutions. It has been proved 
that low forms of piants, chiefly the algae, are at the present day 
causing to be precipitated great quantities of calcium carbonate 
in streams, lakes, and seas, and that the iron bacteria are respon- 
sible for the deposition of much iron in bogs and other bodies of 
water. Dr. Walcott set a new record when he described the 
numerous algal structures from the pre-Cambrian rocks of Mon- 
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tana,’ and it now seems certain that these low forms of life flour- 
ished well back into pre-Cambrian time, and that they were 





Fic. 6.—The great basalt flows forming Keepalloo Peninsula. The contact 
between two thick flows may be seen near the foot of the hump in the center of the 
photograph 





Fic. 7.—Ellipsoidal structure which is very common in the basalt flows 


responsible for the precipitation of large bodies of calcareous 


matter whose origin was formerly a matter of doubt. 


C. D. Walcott, “Pre-Cambrian Algonkian Algal Flora,” Smithsonian Miscel- 
Collections, Publication No. 2271 (July 22, 1914), pp. 77-156, Pls. 4-23. 
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On visiting the Belcher Islands the writer was impressed by 
the extraordinary development of structures which seemed t 
resemble so strongly the cryptozoons of the Upper Cambrian that 
they were at first regarded as species of that fossil. However, there 
seemed to be some marked differences between the two types, and 
the Belcher Islands specimens should be regarded as deposits mad: 
by a new group of algae. These fossils have an important bearing 
on the age of the associated rocks, because if they be regarded 
as cryptozoons we must either change the generally accepted 





Fic. 8.—‘‘ Ribboned” ferruginous shale more highly silicified in alternate layers, 
lookcarak Island. 


conclusion that these rocks are pre-Cambrian or we must push 
the cryptozoons back into the pre-Cambrian. There is no definite 
evidence that the sediments on the east coast of Hudson Bay are 
pre-Cambrian, but there is as much evidence as there is for the age 
determination of most of our pre-Cambrian rocks of Northern 
Canada. Leith" points out the remarkable resemblance between 
them and the Animikie of the Lake Superior region, and Low,’ 
after considering them as Cambrian and then as Laurentian, finally 
concluded that they were more like the later pre-Cambrian. 


*C. K. Leith, op. cit., p. 233 
8A. P. Low, op ( 
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Low had observed the concretionary structures mentioned 
above, and he states regarding the rocks associated with them: 
‘No fossils have as yet been discovered in any of the beds of this 
formation, but the presence of certain concretionary forms in its 
limestones and the amount of carbon in many of the shales lead to 
the belief that at least low forms of life existed at the time these 
ocks were deposited.’* Leith also mentions them, in the Rich- 
mond Gulf region, as follows: ‘‘The limestone floor has great con- 
cretionary structures up to two feet in diameter, the sides of the 
oncretions locally open on one side and locally opening out into 
waved and crenulated bedding lines, interpretation of which the 
writer does not attempt, but which probably tell of conditions which 
if known would indicate the depth of water and other significant 
conditions of the‘r formation.’” 

On the Belcher Islands these bodies form whole reefs in the more 
or less silicified limestone of the Belcher series, making up a thick- 
ness of over 400 feet (Figs. 9, 10, 11, 12). There appear to be two 
types, one smaller than the other, but as to whether these should 
be classed as distinct forms or simply regarded as concretions in 
different stages of maturity is not yet settled. The fact that the 
smaller ones form a large, reeflike mass near the top of the algal 
limestone and near the line where the rocks change in character 
suggests that they are incompletely developed specimens of the 
larger type. Both types are spherical to subspherical bodies con- 
sisting of concentric layers, and they vary in size from an inch to 
over fifteen inches in diameter. The larger type is seldom less than 
four inches, and the smaller seldom more than four inches, in diam- 
eter. The larger ones are more regular in form, being much more 
nearly spherical than the smaller ones, and they also show the con- 
centric lines of growth more distinctly than the smaller ones, which 
show a tendency to be rather disk-shaped. The distinctly crenu- 
lated character of Cryptozoon proliferum is not found in many of 
these specimens. They are probably more like Cryptozoon steeli. 

The concretions consist chiefly of calcium carbonate and can 
be almost entirely dissolved in cold hydrochloric acid. There is, 

t A. P. Low, Geol. Sur. of Canada Ann. Rept., XIII, Part D, p. 46D. 

7C. K. Leith, op. cit., p. 240. 
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however, some silica in small grains of various sizes, some chal- 
cedony infiltrated along the lines between the bodies, and in som: 





Fic. 9.—The algal concretionary limestones on Tookcarak Island. The largest 
concretion is about 15 inches in diameter 





Fic. 10.—Algal concretionary limestone on Tookcarak Island. The largest con 


cretion is 14 inches in diameter 


places a little carbon may be found under the microscope, especially 


along the surface separating the concentric rings of growth. This 
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carbon is left on dissolving the rock in cold or hot acid. No ; | 
definite cell structure can be recognized in this carbon, but in i 
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Island. 


some of the granules in the calcareous beds of the iron-formation, 
a little higher up in the series, grains of iron oxide, now replac- 
ing the calcareous matter, show such a distribution, size, and 
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arrangement that they seem to indicate the replacement of organic 
cells. 

That these larger concretions are the result of the action of 
algae, which cause precipitation of calcium carbonate owing to the 
chemical changes produced in the water by them, there seems to be 
little doubt. They are very similar to the concretions described 
from the Algonkian rocks of Montana by Walcott,’ and the cal- 
careous concretions described by Roddy? as now forming in the 
streams of Lancaster County, Pennsylvania (Fig. 13). Numerous 





Fic. 13.—Recent algal concretion collected by J. Roddy in Conestoga Creek. 
Lancaster County, Pennsylvania (2.5 inches in diameter). 


other occurrences of similar deposits have been described by other 
writers. The two types, large and small, bear certain resemblances 
to Walcott’s Newlandia concentrica and Collenia? frequens, but 
they do not seem to be identical with them, and new generic and 
specific names should be applied. 

As stated above, no definite organic cell structure has so far 
been recognized in these large concretions, but the replacement 

‘'C. D. Walcott, op. cit. 

2H. J. Roddy, ‘“‘Concretions in Streams Formed by the Agency of Blue-Green 
Algae and Related Plants,” Proc. Amer. Phil. Soc., LIV, No. 218 (August, 1915), 
pp. 246-58 
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of calcium carbonate by iron oxide in some small concretions in this 


same series of rocks was so suggestive that the attention of Dr. J. 
Ben Hill, of the department of botany, Pennsylvania State College, 
was called to them. Dr. Hill very kindly examined them, prepared 
the accompanying camera lucida sketches (Fig. 14), and the follow- 
ing statement regarding these bodies: 


The specimens in question are generally smaller than the living Cyano- 
phyceae, but are not smaller than the smallest of the living species. In fact, the 
most striking specimens are well above 
the lower range of size in the living 
species. The measurements of the [~) | | | 
objects in the rocks range from o. 5 to P20 
2.5 microns for the smaller forms to " 


5 and 10 microns for the larger. This 

is exclusive of the very minute and &% aie ~~ 
the very large ones. The shapes of 
the objects would suggest species in Fic. 14.—Camera-lucida drawings by 
J. B. Hill of grains of iron oxide resem- 
Hormogoneae). The isolated spher- jing replacements of algal cell struc- 


the two classes (Coccogoneae and 


ical forms resemble some genera of tures. The accompanying scale indicates 
the Coccogoneae as Chrococcus or the diameter of these bodies. 
Gleocopse, and the specimens showing 

cell-like structures connected to form a filannent, some genera of the Hormog- 


oneae as Nostoc or Anoheana. 


Although Dr. Hill and the writer both recognized the great 
difficulty in distinguishing small mineral grains, which often form 
strings and bunches, from organic structures we feel satisfied that 
the sizes, shapes, and arrangement are too regular to be the result 
of simple replacement without some original organic control. A 
further discussion of these smaller concretions will be found in the 
section on the iron-formation. 

The photographs, thin sections, and two specimens of the con- 
cretions were later sent to Dr. M. A. Howe, of the New York 
Botanical Gardens, and to him the writer is indebted for his kind- 
ness in making an examination of these materials. Regarding them 
Dr. Howe makes the following statement: 

This Hudson Bay limestone is of obviously organic origin, and the organ- 
isms contributing to its upbuilding are, it seems to me, in all probability of a 
vegetal and algal rather than animal nature, though the microscopic structure 
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shows little or nothing that would justify a student of the recent algae in refer 
ring them to a modern genus, family, or class. I infer that the main organisn 
deserves comparison with Cryptosoon proliferum Hall from Saratoga, New 
York, and one photograph is a bit suggestive of Walcott’s Collenia? frequen 
as shown in his Plate 10, Fig. 3. Unless more definite structure is revealed by 
future sectioning it seems to me that about as far as we can safely go with thes« 
Hudson Bay fossils is to say that they are probable algae. 


Another structural feature in the limestones of the Belcher 
series, and one which may also depend upon organic agencies for 
its origin, is a remarkably regular and uniform banding, which 





Fic. 15.—Very distinctly banded limestone on Innetallung Island. It is believed 
that the regularity of this banding may be due in some way to the action of algae 


is due to alternating very fine-grained and coarser-grained layers 
of limestone, more or less silicified, especially along the bedding 
planes (Fig. 15). As seen under the microscope some very small 
fragments of twinned feldspar scattered through the fine-grained 
layers and grains of quartz are fairly common. In the hand speci- 
men the rock looks more like a cherty quartzite than a limestone, 
it is so dense and fine-grained. The alternate bands weather more 
rapidly, producing a ribbed effect. The bands are often extremely 
regular for considerable distances and usually run from one-half 
inch to three-quarters of an inch in width. It is suggested that 


this banding may be due to the seasonal work of low forms of life 
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using variations in the nature of the deposits made during the 
ifferent seasons of the year. 


THE KEEPALLOO IRON-FORMATION 
The term iron-formation is used here as in other writings on 
re-Cambrian geology for a group of rocks which vary considerably 
composition, but which together contain conspicuously more 
‘on than their associated rocks, and which by natural concentration 
rocesses are capable of giving rise to iron-ore deposits. 
There is a large body of this formation on the Belcher Islands, 
nd the term Keepalloo has been applied as a local name for it, 
ince it is so well exposed on the peninsula along Keepalloo Sound. 
[t consists of jaspilite, iron carbonate, calcite, probably iron- 
nagnesium carbonate, hematite, magnetite, chert, and greenalite. 
\ section on Keepalloo Peninsula from the quartzite up to the basalt 
s as follows: 


i 


\ mixture of cherty, sandy, jaspery, calcareous granular rock with 
) y, Jasper g 


bands of brownish-weathering shale 34 
Reddish and brownish fissile shale 17 
Jaspilite 30 
1) Jaspilite with bands of hematite ore , 39 
Jaspilite 46 
Jasper and bands of lean, hematite ore 10 
Dull, shaly jasper with bands of bright-red jasper, resembling ¢ a felsite 
and containing cubes of pyrite 43 
otal 239 


In many of these rocks small granules may be recognized with 
the naked eye, and they occur mostly in those rocks poorer in iron, 
lying near the top and bottom of the iron-formation. Their greater 
abundance in these rocks is no doubt due to the fact that the iron 
oxides lend themselves less favorably to the preservation of such 
structures than silica or carbonates, where there is considerable 
concentration of iron, and also to the fact that when a great deal of 
replacement occurs original structures are likely to be lost. 

A number of thin sections from these rocks were studied, and 
it was found that in nearly all cases the rocks are made up of 
granules of various types. A thin section of the red jasper over- 
lying the quartzite and lying near the base of the iron-formation 
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showed dirty-gray granules of a variety of shapes having a maximum 
size of 1.90 by 1.0 millimeters. They consist of calcite, chert, and 
iron oxide, the latter as a rule distributed in fine specks through 
the granules in an unusual manner indicating a probable replac« 
ment of organic tissues. It was in this section that the minut 
algae-like cells, previously described, were found (Fig. 16). Numer 
ous veinlets of quartz following lines of fracture-cleavage indicat: 
the extensive transfer of silica since these rocks were consolidated 
These granules indicate a replacement of calcareous granules, i: 


most places at least. 





Fic. 16.—Photomicrograph of granules from the iron formation. These consist 


of hematite, calcite, and silica, and the groundmass is mostly silica. From these 
granules the camera-lucida drawings were prepared ( X 20). 

Fic. 17 Photomicrograph of granules consisting chiefly of silica in which some 
hematite and magnetite occur, the lighter areas being silica (20). From the cherty 


iron formation 


Similar granules in a cherty matrix and carrying considerable 
magnetite were found in the rock described under g) in the section 
and spoken of as felsitic in appearance. 

Another specimen of red jasper with specks of gray opal-like 
silica was taken from one of the bright-red bands in the iron- 
formation. It was found to consist of granules of fine-grained 
chert, opal, and iron oxide. They show a great variety of shapes 
varying from ovoid, balloon-shaped, ham-shaped, and roughly 
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triangular to nearly spherical. A few are long and narrow and some 
ire curved (Fig. 17). One measured 1.70 millimeters in diameter. 
Some granules consist of opal, in others the opal is changing to 
hert by loss of water, and the chert is in turn changing to granules 
f quartz by crystallization. Some granules consist chiefly of 
nagnetite, some of hematite, and in others a smattering of both 
curs throughout the silica. In a number of granules consisting 
hiefly of iron oxide the grains of silica are arranged in groups, so 
hat they produce under the microscope a cell-like structure strongly 





Fic. 18.—A. Photomicrograph showing the hematite and greenalite granules 


with grains of silica distributed in a cell-like arrangement. The dark concretions are 
apple green to red and brown. The lighter areas are silica (X20). From the cherty 
iron-formation. 

B. From the same specimen as A. 


resembling what would result if a fragment of a bryozoan were 
replaced by iron and silica. Its regularity in so many granules is 
suggestive. 

The most interesting specimen was taken from the siliceous 
shales in the upper part of the iron-formation, where they underlie 
the basalt on Kasegalick Lake. In the hand specimen it is a dense, 
grayish-black to light-gray, cherty rock containing dark, cherty 
grains. It weathers to a dark, brownish mass. Under the micro- 
scope it is seen to be made up almost entirely of granules of various 
shapes, colors, and sizes (Fig. 18, A and B). Im shape they are 
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similar to those described in the last section, ovoid, ham-shaped, 
irregular, and rarely spherical. In size they vary from 0.14 to 
o.91 millimeter in diameter. They are colorless, reddish brown 
to deep brown, and apple green. The colorless ones consist of ver) 
finely granular silica with a matrix of chert and chalcedony. A 
great deal of calcite is distributed through the section, and one sma 

granule consists entirely of calcite, thus suggesting that all th 

granules may have been calcite originally. 

The green granules vary from apple green through brownis! 
green to dark brown, depending upon the amount of iron oxid 
which has developed by alteration. They show very little doubk 
refraction and no pleochroism except in some places where they ar 
altered to little rosettes of extremely small radiating needles oi 
what is apparently an amphibole, with higher bi-refringence than 
the chlorites, but lower than actinolite or griinerite. Some granules 
are largely altered to magnetite, and in others rhombs of limonit« 
indicate the change of siderite to limonite. In many of them the 
same cell-like arrangement of the quartz grains mentioned in the 
last section may be seen. 

It seems evident that these green granules consist of iron silicate, 
and of the silicates, thuringite, chamosite, and greenalite commonly 
found in iron-ore deposits, the characters correspond most nearly 
to Van Hise and Leith’s description of the greenalite granules of 


the Mesabi Range.' 


ORIGIN OF THE IRON-FORMATION 

From the descriptions given above it is evident that we have 
on the Belcher Islands an unusual development of large concre- 
tions whose origin can only be attributed to organic processes. 
We have further hundreds of feet of rocks consisting chiefly ot 
minute granules, some of which at least show good evidence of 
being of organic origin from the widespread occurrence of apparent 
traces of plant remains in them. If these granules be compared 
with certain siliceous granules in the Upper Cambrian limestones 
of central Pennsylvania, which grade into typical odlites, it will 


Van Hise and Leith ‘Geology of the Lake Superior Region,” U.S. Geol. Sur 
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be seen that they are very similar and that these Upper Cambrian 
odlites are associated with abundant cryptozoon fossils. Further, 
if the various types of odlitic iron ores from the Clinton and Cam- 
brian of America, from the Silurian of Europe, and from the Jurassic 


of France and England be examined, similar bodies will be found. 
In fact, so far as the writer’s experience goes with slides from the 
iron-bearing rocks of the formations later than the pre-Cambrian, 
such concretionary bodies are only found in those rocks which con- 
tain other evidence of organic action. 

Although the writer recognizes that low forms of life, such as 
algae and iron bacteria, are not essential to the formation of oélites' 
and related concretions in all cases, it seems probable that they 
generally serve as the agents which produce the chemical changes 
causing precipitation of the calcium carbonate and the iron. This 
action seems to be due chiefly to the removal of the carbon dioxide 
from the acid carbonates by the algae, and the oxidation of the 
iron by the iron bacteria, thus in both instances producing insoluble 
compounds. The occurrence of vast deposits of odlites and related 
concretions in certain geological formations, in some instances on 
different continents during the same period, is also suggestive of the 
influence of certain organisms which reached a high stage of develop- 
ment at that particular time and caused the precipitation of the 
iron or other salts. It may also be due to the particular conditions 
of erosion, which permitted a large amount of any particular kind 
of salt to be carried to the sea during a certain geological period. 

In his monumental works on the origin of the pre-Cambrian 
iron ores in various parts of the continent Dr. Leith has held firmly 
to the belief that the bulk of the iron has been supplied directly 
to the sea as magmatic waters accompanying the great eruptions 
of basic igneous rock. He advocates this theory very strongly for 
the iron-formations on the east coast of Hudson Bay.? Although 
the writer readily recognizes the possibility of supplies of iron salts 
from this source, he cannot see that they have played a réle at 
all comparable to the supplies carried into the sea, or into inland 

* An additional note on “‘The Odlitic and Pisolitic Barite from the Saratoga Oil 
Field, Texas,” Science, N.S., XLVI (October 5, 1917), 342. 
7C. K. Leith, op. cit., p. 241. 
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bodies of water, in which it seems probable that many of our pri 


Cambrian deposits may have been laid down by processes oi 
weathering. The largest known deposits of high-grade iron or 
in the world, the Brazilian deposits, do not show direct relation to 
igneous rocks.‘ The great deposits of Lorraine, the Jurassi 
deposits of England, and our own Clinton ores show no dire 

relation to igneous eruptions. Going farther back into the pre 
Cambrian rocks, it will be found that the greatest deposits of all 
those of the Upper Huronian, show far less direct association wit] 
the basic igneous rocks than the smaller deposits of the Keewatin 
This may be due to a large extent to the conditions of drainage 
which must have been much better developed in the Huronian 
than in the Keewatin, if we can judge from the topographic features 
which are likely to have been produced during such a volcani 
period as the Keewatin, and from the rocks which we now find 
making up the Keewatin series.* There would be a tendency to 
deposit small and isolated bodies of iron-formation in the Keewatin, 
which later, on erosion, might add materially to the Huronian 
deposits. 

The problem of transportation of the silica and iron has always 
been a big one unless we invoke the aid of hot water and magmati 
solutions. However, the work done on colloids in recent years has 
aided us materially toward a solution of this problem. It has been 
recognized by Lacroix that colloids are an important product in 
the weathering actions which produce laterites, and the authors of 
a recent paper on the origin of the Missouri cherts state that, so 
far as they know, silica is transported only in the colloidal form and 
not as a sodium silicate, since such a form dissociates to form 
colloidal silica.’ 

The silica set free from the decomposition of basic rocks would 
be almost entirely derived from the silicates, and it might be 
retained readily and carried in the colloidal form. The iron would 

‘ E. C. Harder and R. T. Chamberlin, ‘‘ Geology of Central Minas, Geras, Brazil,” 
Jour. of Geol., XXIII, 358-62, 385-404. 

In the recent volcanics on the island of Hawaii may be seen almost a complete 
imitation of the topographic features of certain uncovered Keewatin igneous areas 


G. H. Cox, R. S. Dean, and V. H. Gottschalk, Studies on the Origin of Missouri 
Cherts and Zinc Ores. Bull. 2, Vol. III, School of Mines and Metallurgy, University 


of Missouri 
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ilso be in the ferrous form and easily transported. It has generally 
been considered that practically all the silica in these pre-Cambrian 
iron-formations has been carried in solution, and that very little 
f it has been clastic sediment. Experience with many different 
ireas of these rocks shows that there is almost invariably a great 
leal of quartzite, arkose, or graywacke, distinct products of weather- 
ng, associated with the iron-formation, and that these often grade 
into the jaspers. The distinctly clastic sediments cease, and the 
cryptocrystalline forms of silica take their places. It scarcely 
seems reasonable that the deposition of clastic siliceous sediment 
should be so suddenly cut off in all cases and its place taken by 
chemical precipitates without a great deal of silt being deposited 
with the chemical precipitates. While this clastic material cannot 
now be identified in the jasper and chert, it seems probable that 
it is there, but indistinguishable because of metamorphism from the 
finely crystallized silica which makes up the bulk of all these jaspilite 
formations. 

Regarding the adequacy of the weathering processes to produce 
these deposits one has but to observe the great deposits of lateritic 
iron which have formed, and are continuing to form, in Cuba, 
India, and other warm countries to be convinced of the efficiency 
of the weathering process. It is evident that the weathering of 
iron-bearing rocks is almost constantly in operation, but it is owing 
to certain chemical and drainage conditions that the iron remains 
on the land as laterite and is not carried off to the sea or to other 
bodies of water. 

The chemical conditions depend upon two important factors, 
one being the presence or absence of suitable solvents for the iron 
and the other the presence or absence of suitable precipitating 
agents which may throw the iron out of solution before it reaches 
the sea. That considerable iron which is left on the surface as a 
lateritic deposit and later washed to lower levels as a detrital deposit 
is carried in solution is evident from the fact that some of it takes 
on the concretionary form after being transported from its original 
location 

From a consideration of the laterites the writer believes that 
the weathering of the basic igneous rocks would furnish plenty of 
iron to form the pre-Cambrian iron-formations, and that whether 
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the iron will be transported or left as a residual deposit will depend, 


not only upon the presence of solvents for the iron, but also upon 
the presence or absence of precipitating agencies. He agrees with 
Dr. Leith, however, in not regarding the pre-Cambrian iron 
formations as laterites in situ, although certain portions of them, 
especially those portions consisting largely of limonite or hematite, 
argillaceous materials, and silica, may very reasonably be regarded 
as lateritic, mechanical sediments more or less assorted. The 
constituents of the granular portions of the iron-formation and the 
iron carbonate must certainly have been carried in solution, probably 
as colloids, and through the aid of carbon dioxide and other agents. 

In the case of the ferric and siliceous granules in the Keepalloo 
iron-formation the presence of calcareous granules suggests that 
they were the primary granules, and that the iron and silica replaced 
them on the floor of the body of water in which these sediments 
were laid down. This is the principle of deposition advocated by 
Cayeux' for some of the odlitic iron ores of France. There may 
also have been some primary iron-oxide and iron-silicate granules, 
as advocated by Hayes’ for the Wabana ores of Newfoundland, and 
it seems probable that the concretionary character of the ore may 
be due to the action of low forms of life. The work of Harder’ and 
previous writers has shown that the iron bacteria are the important 
agents in precipitating iron compounds. These bacteria were 
found by Harder to be present in almost all iron-bearing waters, 
Spirophyllum and Gallionella, the latter, often mentioned among 
the algae by previous writers, being found even in underground 
workings of mines to a depth of several hundred feet. Harder 
found further that some solutions were kept under anaérobic condi- 
tions by passing carbon dioxide through them. In some solutions 
ferric hydroxide was precipitated, while in others there was no 
precipitate. The precipitation took place from either ferrous or 
ferric salts by oxidation. 


L. Caveux. Les minerais de fer oblithigq tc de France. Ministere des Trav. Pub.. 
Paris 
2 A. O. Hayes, “‘ Wabana Iron Ore of Newfoundland,” Can. Geol. Surv. Memoir 78, 
Ottawa, 19015 


E. C. Harder, “Iron Bacteria,” Science, N.S., XLII, No. 1079, pp. 310-11 
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In the article previously cited on the. origin of the Missouri 






























herts' it has been demonstrated that the presence of carbon dioxide 
as a very important effect in precipitating colloidal silica in the 
rresence of calcium carbonate, causing it to be thrown down very 
uickly. It would therefore appear that in the action of carbon 


ioxide on colloidal silica and on the processes of the iron bacteria 
e may have a clue to the cause of the distinct banding in some of 

ur pre-Cambrian iron-formations, provided further studies of these 
ocks tend to show evidence of the wide distribution of plant life , 


uring pre-Cambrian time. The fact that living algae will furnish ; 
xygen to the waters around them and when they decay give off 
certain amount of carbon dioxide may cause some seasonal varia- 
ion in the precipitation of the iron and silica, and thus give rise 
to the banding in some of these rocks. The distinctness of the 
anding may later be increased by metamorphism with recrystalliza- 
tion of the minerals and a certain amount of transfer of materials i 
mong the bands under the influence of chemical affinity. 


SUMMARY , 


The Belcher Islands, which lie about seventy miles from the 
southeast coast of Hudson Bay, have recently been brought to the 
attention of geologists through the discovery on them of large 
ireas of iron-formation. The iron-forniation forms part of a 
thick series of sediments consisting of limestones, shales, quartzites, 
and graywackes, and this series is intruded by sills and overlain 
by flows of diabase and basalt, making up a group of rocks which 
in many respects strongly resemble part of the Animikie and 
Keweenawan formations of the Lake Superior region. The lime- 
stone of this group is, however, very unusual, since it consists of 
concretions varying from one inch to over fifteen inches in diameter 
and so strongly resembling some of the modern concretions formed 
by blue-green algae that there seems to be little doubt that they 
are of algal origin. They bear some resemblance to Cryptozoon 
proliferum, but differ from that fossil too much to be placed in the 
same genus. Their abundance indicates the presence of vast 
numbers of low plants in the Hudson Bay basin in pre-Cambrian 


G. H. Cox, R. S. Dean, and V. H. Gottschalk, op. cit., pp. 9-10. 
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time, since it has been generally agreed among geologists who hav: 
seen the same series of rocks on the east coast of the bay that they 
are pre-Cambrian in age. 

The iron-formation consists of jasper, chert, hematite, mag 
netite, siderite, and green granules regarded as the iron silicate 
greenalite. The chert and hematite are also in concretionary form 
and it is suggested that the algae and iron bacteria have been 


responsible for the precipitation of colloidal silica, hematite, and 


iron silicate in this granular form, in some places as a direct pre 
cipitate on the floor of the basin and in others as a replacement of 
the calcite granules by the iron compounds. 














INTERNAL STRUCTURES OF IGNEOUS ROCKS; THEIR 
SIGNIFICANCE AND ORIGIN; WITH SPECIAL 
REFERENCE TO THE DULUTH GABBRO' 


FRANK F. GROUT 


University of Minnesota 


INTRODUCTION 


It is commonly said that igneous rocks are structureless, or of 
massive structure, as distinct from stratified or banded rocks of 
other origin. When considered in detail, however, they are known 
to show a number of characteristic structures. Under special 
conditions igneous rocks develop lithophysae, orbicules, bunchy 
segregations, spherulites, etc. But besides these there are a num- 
ber of rock masses which show a banded structure. It is this band- 
ing which is the main subject of this paper, first as to its relation to 
the form of the rock mass, and later as to its origin. 

Three somewhat distinguishable features give a plane structure 
to an igneous rock unaffected by metamorphism; they will be dis- 
cussed here as banding, sheeting, and fluxion structure. Various 
geologists have noted these structures and combinations of them 
under the terms bedded, stratiform, gneissic, laminated, foliated, 
trachytoid, schistose, linear, streaked, platy, schlieren, layers, 
benches, etc. 

Banding.—The banding noted in many igneous rocks is an 
alternation of mineralogically unlike layers or flat lenses (Figs. 1, 
2, 3, and 4). The dip and strike of the bands can be estimated in 
many cases, but may show minor undulations and bunches. In 
some cases the layers are all thin, but in others they range more 
widely, up to a hundred feet. The line of division between bands 
may be sharp or gradual. The texture of one band is in most cases 
very little different from the textures of adjacent bands, and the 

* Published by permission of the directors of the United States Geological Survey 


and the Minnesota Geological Survey. Appeared first as part of a thesis presented at 


Yale University. 
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minerals interlock across the contact. In most cases there is 1 


great difference in the mineral constituents of the bands, but on! 








Fic. 1 Che banded gabbro of Duluth, Minnesota. The banding in this outcrop 


is about as conspicuous as in the average. 





Fic. 2 Che bands in this gabbro outcrop are irregular and the color contrast 


is very slight, but the lighter bands are polished by glaciation 


in the relative abundance of the minerals. The colors of adjacent 
bands may be only slightly different, or in some cases may show a 
strong contrast. In a rock mass containing a variety of minerals 
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any one mineral may be quite completely segregated in certain 
bands. Where the minerals of any band weather more rapidly 


tier tctccae 








Fic. 3.—Faint banding in the Duluth gabbro. These bands curve slightly, and 
a white band near the hammer divides to the left. 





Fic. 4.—Conspicuous bands of peridotite and gabbro near the base of the Duluth 


gabbro 


than those of adjacent bands, such bands appear as grooves in the 
surface. The composition of the bands is independent of the com- 
position of the wall rocks. There are no transverse dikes or con- 


nections between bands. 
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A classic example of banding is that in the gabbro mass of thx 
Isle of Skye (1, 2).'. There are many parallel layers of lighter and 
darker material, and some of the bands curve conspicuously 
Another prominent case is that on Orné (3) just south of Stock 
holm, where the alternate bands are black and white, and the 
banded rock is said to constitute the periphery of an intrusion. An 
equally notable color banding appears in the large igneous Ilimausak 
rock in Greenland (4). The bands are from one to three meters 
thick, and three main rock types alternate with remarkable regu 
larity. The bands are saucer shaped in a large way and there are 
no apophyses between bands. Transition zones are narrow and 
the texture is unchanged at the contacts. 

The Laurentian gneisses have a banding that is in some places 
clearly an original igneous structure (5). Some bands pinch 
out, and all are notably different from the roof in composition. 
There are no sharp contacts and no transverse dikes, though some 
related pegmatites cut across the bands. Many papers on Canadian 
igneous rocks mention structures of this sort (6, 7,8). The banded 
rocks studied under the microscope show in the most positive 
manner that the structure developed while the rock was still 
molten, or at most only partly crystalline. There are in many 
specimens no traces of mineral deformation; nor is there any 
reason to suppose that recrystallization has obscured the signs of 
some previous deformation. Mount Johnson, near Montreal (9), 
shows bands rich in feldspathic material alternating with others 
richer in iron and magnesian constituents. The dip and strike 
can be measured. The alkali syenites of eastern Ontario (10) 
show bands. The Sudbury norite is reported by Mr. Hugh 
Roberts, of Minneapolis, on the basis of recent exploration, to show 
an alternation of mineralogically differing bands. 

The Cortlandt series in New York has an “original gneissoid”’ 
structure in which the bands differ in mineral composition. While 
there are sharp contacts, it is characteristic that the grains in all 
cases interlock across the contact. None of the series exhibits any 
great amount of shearing (11). In the Adirondacks, bands one to 
one hundred feet thick show alternating gray and pink colors (12). 


Numbers refer to entries in the bibliography at the end of the paper. 
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In Maine some gabbro masses show alternating bands about two 
inches thick, in some of which segregation of feldspar produces light 
olors (13). 

The rocks of Lizard show a linear structure and an occasional 
distinct banding which is said to have nothing to do with dynamo- 
metamorphism (14). Such banded rocks are reported from the 
Himalayas (15), the Kola Peninsula (16), and the British Isles 
17, 18). In the ‘‘Cottian sequence”’ (19) the banding has been 
supposed to be metamorphic, but there are some dikes with a folia- 








I ;.—Apophyses of feldspathic Duluth gabbro into its traprock roof, east of 


Duluth Heights 


tion parallel to their walls and at a high angle to the structure of the 
schist. 
The banding of the Duluth gabbro was long ago mentioned 
20, 21), but new work has recently been done on the area by the 
geologists of the Minnesota Geological Survey. The structure is 
exposed in typical, as well as in some exceptional, conditions at the 
city of Duluth. The gabbro intrusion (Fig. 5) occurred after the 
accumulation of a great thickness of diabase and other flows of 
the Keweenawan. It spread at or near the base of the flows, and 
along the unconformity at the base of the Keweenawan sediments a 
little below the flows. While the roof and floor are not an exactly 


continuous horizon, the transgression of a few hundred feet in a mass 
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a hundred miles long is insignificant. The relations are well 
exposed in the western part of Duluth. By detailed study it is 
found that the intrusion of gabbro occurred at two or more times, 
for at Lincoln Park and elsewhere the chilled contact and apophyses 
of one show that an older gabbro had already cooled. Banding 
Fig. 1) is shown chiefly by the later mass, which is much the larger 
of the two. 

In some places two rock types alternate, but in most there are 
several minor rock varieties in irregular alternation. The bands 
vary in thickness from a fraction of an inch to many feet. It is 
likely that in the average the gabbro does not show such minute or 
intimate lamination as some associated sediments,’ but while there 
may be a general difference, each varies to resemble the other. 
Some contacts between adjacent bands are abrupt, but more com- 
monly there is a complete gradation between them. Some neigh- 
boring bands contrast strongly in color, while others are visible 
only on careful scrutiny; some are intensified by weathering, pro- 
ducing black, brown, gray, and white colors; some are conspicuous 
only from a difference in the degree of glacial polish (Fig. 2). Some 
large outcrops at Duluth show faint bands as much as fifty feet 
wide. It is therefore evident that smaller outcrops a few feet wide 
may not reveal a banded structure even if it really exists. The 
whole area has been mapped as banded, because the outcrops 
which did not show the structure were small and not numerous; 
they may represent other variations of the mass, but are here 
considered as probably thick bands. Most of the bands are 
regular, parallel, and fairly continuous along the strike and dip. 
However, there are locally lenticular bands, and spots or bunches 
along the bands, as shown in Fig. 2. Rarely the bands curve and 
finger out into each other (Fig. 3) and are as complex in structure 
as the ancient metamorphic gneisses. This irregularity is not as 
prominent as in the gabbro of the Isle of Skye (1); but locally the 
average dip of about 25° to the east increases to 80° with some 
variation also in strike. Although these outcrops may resemble 
metamorphic gneisses enough to be deceptive, a thorough study of 
U. S. Grant, ‘“‘Contact Metamorphism of a Basic Igneous Rock,” Bull. Geol. 
1mer., XI 
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the rocks shows little trace of any crushing or recrystallization. 
Poikilitic and ophitic structures remain unaffected, and the min- 
rals are fresh. The associated earlier flows and sediments show 
o such structure as would have developed if the gabbro had been 
netamorphosed. The structure is therefore a primary one. 

In general, the minerals of one band are the same as those of 
djacent bands, and the banding is a consequence of difference 
n proportions of minerals. Textural changes are slight. Rock 
ypes at Duluth range from peridotite to anorthosite as extremes, 
vith magnetite gabbro and troctolite as other variations from 
1ormal gabbro. A few measurements were made on thin sections 
4 bands of gabbro, and some have been selected and presented in 
lable I to show how the bands vary. 


rABLE I 


PERCENTAGES BY WEIGHT 


, ;, , Miscelle 

Plagioclase Pyroxene Olivine Magnetite oo ag 
75 10 10 4 I 
Common bands. 65 19 10 5 I 
70 18 ° 12 ° 
[wo adjacent bands such as 84 12 3 I -) 
alternate many times 62 15 12 I! °) 
96 3 ° I ) 

20 44 ° 30 2) 
Bands of extreme composition 40 48 ° 3 re) 
2 15 70 13 ° 
75 2 22 I O 


Detailed observations of the dip and strike of gabbro struc- 
ture at Duluth show only minor irregularities. Fig. 6 shows 
the general structure of the gabbro in those townships where 
observations have been made. It gives the impression of concord- 
ance with neighboring contacts. Magnetic mapping of the por- 
tion of the gabbro far to the northeast shows the general parallelism 
of bands and contacts, as well as the probably lenticular nature of 
the bands, which in Fig. 7 represent titaniferous magnetite ore. 

It may be added that some large sills, more or less related to 
the gabbro (22) and typically exposed at Beaver Bay, on Lake 
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Superior, show an exactly similar banding. 
Wisconsin shows what has been described 


ture (23). 















The same gabbro in 
as a “bedded” struc 


There are a number of smaller masses which also show a banding 


possibly of similar origin. The Purcell sills gabbro has certai 
streaks of lighter color (24) in addition to the separation int: 


differentiated zones. A gabbro dike near Boulder, Colorado, has 
bands of iron ore parallel to the walls (25). A dike in the Isle of! 
Man is similarly banded (26). The Mt. Holmes bysmalith has a 
color banding parallel to the walls (27). Other examples will no 
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I Sketch of the area of the Duluth gabbro showing the dip and strike of 


nal structure 


doubt be recalled by those who have worked in igneous rocks. A 


color banding is visible in many flows, but the difference in mineral 


content of the bands is not always clear. 


Fluxion structure.—Certain igneous rocks have an abundance 


of platy or needle-like minerals, notably the feldspars and horn- 


blende. Many gabbros and syenites show a certain amount of 


parallelism of such grains (Fig. 8). Most of these rocks show 


banding of the sort just discussed. The rocks of Lizard (14 


and the Adirondacks (12) and Laurentia (5) are ‘“foliated.”’ 


rhe Ilimausak (4) rock has “primary schistose structure.” The 


Mt. Johnson rocks (9) have a “‘fluidal arrangement of grain.”” The 
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i Ontario syenites have an “original foliated or schistose structure” 
10). All’of these are noted by the authors as a feature in addition " 


to banding. 


g The occurrence at Duluth is a particularly good example of this 
i tructural feature as well as of the banding. Both the early, 
elatively thin feldspathic gabbro and the later banded gabbro 
s how a parallelism of plagioclase grains in many outcrops. The 


} maller sills referred to also show the fluxion structure. 

Sheet structure-—When independent of surface changes of 
O emperature, this is probably related to some such feature as the 
yanding and fluxion structure just described, even when they of 


Ly | 
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— ond tcrops of magqnertite L ‘ } Rae Granite 
Fic. 7.—Map of three square miles in Cook County, Minnesota, showing in black 


the lenticular form of the outcrops of bands in the banded Duluth gabbro. In this 
case the bands carefully mapped are those rich in titaniferous magnetite. 


themselves may be inconspicuous. Platy parting is recorded in the 
[limausak rocks (4) and the laccoliths of Highwood Mountains (28) 
and at Tripyramid Mountain (29) and elsewhere. The Duluth 
gabbro shows such joints in many outcrops (Fig. 9). 
Combinations.—It is evident from the foregoing notes that 
several masses show two or three structural features at the same 
time. This is true for a single outcrop as well as for the mass as a 


whole." 


t The term ‘‘gneiss’’ may be extended to cover such rocks as these showing banding 
and fluxion structure, but when this is done the name should be qualified as “primary 
gneiss.” The usage is discussed by Barlow, “Nipissing and Temiskaming Region,” 


, . 


Geol. Survey of Canada, Ann. Rept., X (1897), Part I, p. 49; and Miller, Bull. Geol. Soc. 
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THE RELATION OF IGNEOUS STRUCTURES TO THE FORMS OF 
IGNEOUS MASSES 


Pirsson finds the parallel arrangement of crystals and the platy 
parting of the laccoliths of the Highwood Mountains parallel to 
the roof (28), and has some evidence of a similar relation at Tri- 
pyramid Mountain (29). Iddings reports the parting and color 
banding of the Mt. Holmes “bysmalith”’ (27) parallel to the walls. 





Fic. 9.—Sheeted structure in the Duluth gabbro evidently independent of the 
surface. Spheroidal weathering also appears. 


Rogers finds that the bands in the Cortlandt gneiss bear no definite 
relations to the borders of the magma (11). However, banding 
in the Adirondacks is of several kinds, and Miller records ‘“‘a folia- 
tion that boxes the compass around the borders of the stocks”’ (30). 
The banding in lava flows and their trachytic structures is often 
recorded as parallel to the general plane of the flow. Examples 


Amer., XXVIII, 455. ‘‘Fluidal gneiss” and ‘‘injection gneiss,” as terms recently 
developed in structural geology, are probably best restricted to another type of struc- 
ture. It is detected in tracing igneous injections in bands between masses of a schist 
of other cleaved rock, or even curving in and out among rock fragments. This results 
in an alternation of the original cleaved rock (of whatever origin) and the igneous 
rock. Solution of the original rock and its metamorphism by the magma may pro- 
duce such an intimate intergrowth as to make distinctions between intrusive and 
intimate intergrowth as to make distinctions between intrusive and intruded rocks 
difficult. See Leith, Siructural Geology, p. 85; and Cross, Science, XXIX, 946. 
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are seen in the Yellowstone banded obsidians (27) and the flows 
of the eastern (31) and southwestern states (32). The bands in 
the Purcell sills “‘approximate a position parallel to the upper and 
lower contacts of the sill’’ (24). Barlow records that the strike oj 
the banding is uniform over large areas in the Nipissing and Temis 
kaming regions, and shows a ‘marked correspondence in direction 
with the line of outcrop of the neighboring stratified Huronidn 
rocks” (8). Adams finds the banding of Mount Johnson vertical 
and clearly parallel to the walls of a volcanic plug curving around 
the mountain (9). Adams and Barlow say that the strike of the 
banding and foliation of the alkali syenites of eastern Ontario con- 
forms to that of the adjacent country rock (10). Ussing considers 
the strata of the Ilimausak mass the upper layers of a batholith, 
but records that near the walls of the chamber the bands, which 
are nearly horizontal most of the way, turn up and become parallel 
to the walls (4). Gregory mentions some dikes which are foliated 
parallel to the walls, but not parallel to the foliation of the neighbor- 
ing schists (19). Banding also appears in a dike in the Isle of 
Man, parallel to its walls (26). Harker says that the banding of the 
gabbro at Carrock Fell is parallel to ‘the lie of the intrusion as a 
whole”’ with only minor undulations (17). At the Isle of Skye the 
banding is undoubtedly related to the boundaries. Iddings says 
that it is ‘not locally referable to the form or boundary of the body 
of a particular igneous rock,’’' but he cannot have seen as much of 
the structure as Geikie and Teall, who say that each sheet of 
gabbro “consists of many parallel layers . . . . which correspond 
in direction with the trend of the sheet itself’’(1); or as Harker, who 
says that the bands dip with the mass as a whole and are in general 
parallel with the upper and lower surfaces of the sheets (2). 

A similar disagreement may be recorded in the case of the 
Duluth gabbro, where Elftman says that the banding is irregular 
21), and more recent data show only minor variations from the 
direction of the contacts. The agreement of strike with the 
boundaries of the mass is shown in Fig. 6. The agreement in 
vertical section is more difficult to prove, on account of the scarcity 
of exposures showing such vertical sections. A single outcrop at 


t J. P. Iddings, Igneous Rocks, 1, 252. 
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Duluth (in the NW. Cor. Sec. 22, T. 50. N., R. 14 W.) reveals the 
ipper contact of the gabbro with a clear exposure of dip. The 
oof here dips east a trifle irregularly at an angle of about 15°. At 
Lincoln Park it may be seen further that the later banded gabbro 
lips east under the earlier feldspathic gabbro. At the base of the 
gabbro, where one might search for the exposures of the floor, 
the relations are confused by pegmatitic and aplitic emanations 
and differentiates of great variety. At the Paulson mine in Cook 
County the floor apparently consists of eroded iron formation. 
[hough the dip of the contact is not well exposed, drilling was con- 
ducted on the assumption that the bedding of the sediment and the 
banding of the gabbro indicated the direction of the contact. As far 
as exploration went, this proved to be true.‘ A floor under the 
gabbro, conforming to the position of the banding, is also indi- 
cated by the constancy of the horizon of the gabbro intrusion, 
and by the arrangement of differentiates; some heavy segrega- 
tions are on the northwest, as if a floor dipped under them on 
that side. 

A review of literature and suggestions to be presented later with 
regard to the origin of these structures has no reference to any 
process which would tend to develop a banding independent of the 
boundaries. The favored theories involve movement during 
crystallization, and it would be expected that such movement 
would be more or less controlled by the boundaries of the magma 
chamber. 

These results are sufficiently uniform—only one apparent 
exception—to warrant the assumption that in a large way the 
fluxion and banded structures, as well as sheet jointing (when not 
referable to surface weathering), may be a guide to the position of 
the boundaries of igneous masses, and therefore of great value in 
mapping igneous forms and interpreting their position. The 
occurrences include flows, dikes, sills, a plug, a bysmalith, and 
laccoliths. Exceptions may be found, but even if the idea proves 
untrustworthy it is worth stating for the sake of stimulating 
accurate observations and records, which are at present not very 
numerous. 


«E. C. Harder, personal communication 
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OF IGNEOUS BANDING 





THE 





ORIGIN 


Former suggestions.—The field study of the structure of the 
Duluth gabbro led the writer to assume a process of convection 
during crystallization as its cause. On reference to the literature, 
it was found that Bowen recently eliminated convection from the 
list of magmatic phenomena which he considered important (33). 
No clear statement of the relation between convection and structure 
could be found, and a review of the various explanations of the 
banded structure was thought desirable. In addition to suggestions 
made in connection with specific areas already mentioned, there are 
some discussions of the phenomena in general papers (7, 33) and 
textbooks (34). 

Banding is so characteristic of metamorphic gneisses that 
the structure is not rarely referred to secondary processes, but 
the papers cited above show very conclusively that much of 
it is primary. Furthermore, as igneous rocks they cannot have 
been fused in place and retained traces of earlier structure, for 
the gabbro at Duluth and banded rocks in a number of other 
places are known to be intrusive into both their roof and floor 
(Fig. 5), neither of which is much metamorphosed. Of the other 
possible causes of banding, the following tabulation includes the 


chief suggestions found: 


1. Partial assimilation of inclusions, forming schlieren 
Lit par lit, or fluidal gneiss 
3. Deformation during solidification 
4. Deformation just after solidification 
5. Streaked differentiation, with reference to rhythmic cooling or intrusive 
action 
6. Successive intrusions: 
1) Cooling separately and successively 
b) Cooling later, all together 
7. Heterogeneous intrusion 


The writer would add: 
8. Convection during crystallization differentiation 


Discussion.—The idea of partial assimilation of xenoliths, or 
lit par lit injection of wall rock as an explanation of banding, loses 
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its main support when it develops (as in Duluth) that the floor and 
roof are rocks of about the same composition as the average gabbro, 
and that the bands range from anorthosite to peridotite—with 
compositions that could hardly be synthesized from any rocks in the 
region. It is admitted that schlieren, developed from xenoliths, 





occur in some local spots, but they have no relation to the banding 
ind show no extreme in composition. 

Deformation during crystallization might explain the orienta- 
tion of grains, but cannot clearly explain the banding. 

The process of differentiation has not been described so as to 
explain the banding. It is, of course, probable that a rhythmic 
variation in the process of crystallization would give a rhythmic 
alternation of rock deposited, but that furnishes no explanation of 
the fluxion structure. None of the theories of differentiation out- 
line a process that will result in a combination of gravitative arrange- 
ment, parallel banding, and parallelism of grain. 

It is well said that the necessary conditions for igneous banding 
are heterogeneous composition and differential movement (34). 
Of the suggestions listed above, those which fulfil these two 
conditions are successive intrusion, heterogeneous intrusion, and 
deformation during crystallization. It is to be noted that each of 
these involves movement. The orientation of the platelike grains 
can hardly be accomplished except by some sort of movement of 
the magma while the plates are suspended in it. Such orientation 
is seen in surface flows where it is parallel to the direction of flow, 
and is often visible in thin sections of trachytes. To be sure, the 
settling of crystals, which idea is in special favor recently, might 
be thought of as analogous to the settling of mica plates in a sedi- 
ment. Those falling on a flat bottom might adjust themselves in 
horizontal and parallel positions. On the contrary, it does not 
seem probable that such an orientation would occur in a crystalliz- 
ingmagma. The settling is slow, so that other crystals might lodge 
close to the plate and prevent its rotation. Furthermore, the 
difference in specific gravities, tending to orient the plates, is less 
than the difference for mica in water, while the viscosity opposing 
the rotation is much greater. As a final argument against orienta- 
tion by settling, the relation of structures at Mt. Johnson (9) should 
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be considered. There orientation is vertical and parallel to the 
sides of a volcanic plug as if dragged upward by eruptions through 
the channels, while in other respects the structures seem to be 
identical with those described elsewhere. It therefore seems 
necessary to adopt the customary view that the orientation of 
grains here associated with banding is a result of magma move 
ment during crystallization in the general direction of the grains 
and of the bands, i.e., parallel to the walls of the chamber. This 
view is so prevalent that the structure is often called ‘fluxion 
structure,” even when its movement cannot otherwise be deter- 
mined. 

The question remains as to the nature of the movement. The 
common suggestions are movements of intrusion or of deformation. 
The writer is in favor of a third suggestion, viz., a circulatory 
movement. The data on which the argument is based are simple. 
[t will be recalled that the banding of many rocks involves, not only 
a parallelism of grain, but an alternation—many times repeated 
of mineralogically unlike bands. It is also known at Duluth that 
the extreme differentiates have in a large way become distributed 
in crudely gravitative positions, i.e., heavy near the bottom and 
light near the top. With these points in mind the several sug- 
gestions may be considered in detail. 

Successive intrusions of slightly varying magma are undoubtedly 
able to produce banded rocks and may even give a crudely gravita- 
tive arrangement; but the intrusion of successive layers of alter- 
nating composition, a few inches to a few feet thick, until the whole 
had a thickness of thousands of feet is inconceivable. The process 
would have to be extremely minute and often repeated in order 
to explain the detail of some outcrops. But such minute intrusion 
can hardly account for an intrusion several miles thick, where the 
intrusive action must have been on a grand scale. Even a process 
of crystal settling of each intrusive, combined with a sequence 
of intrusions, does not explain the alternations that are visible in 
some outcrops, where dozens of alternating bands appear in as many 
inches. 

Turning to heterogeneous intrusion, we find that the idea is 
accepted without any feeling of shock or surprise when attention is 
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called to the variety sometimes shown in a series of extrusive 
lava flows, apparently derived from a single large chamber. The 
most recent statement of the case is incidental to a discussion of 
differentiation by crystallization and settling (33). It is necessary 
to introduce some modification to explain the development of the 
banded structures often seen. If differentiation took place by 
settling of crystals, and before the mass was all solid some dynamic 
process squeezed the liquid out from between the settled crystals, 
this liquid would not be the same in composition as the supernatant 
magma. These two liquids might be involved in an intrusive layer 
and produce bands if not thoroughly mixed before crystallization: 
Chere are several difficult points in the application of this idea to 
such banded rocks as the Duluth gabbro, though it seems clear from 
the variety of the Keweewanan lava flows that differentiation was 
well advanced before intrusion. 

First, the mechanics of the filter-pressing process in a deep 
reservoir like a batholith is not stated and is a little hard to con- 
ceive. Pressure on a magma is largely hydrostatic and not 
differential. 

Secondly, if heterogeneous liquids were intruded into so large a 
chamber there would be a great stirring and mixing effect and 
plenty of time to make the mixture more homogeneous before it 
crystallized. In general, the larger the mass the more time avail- 
able for diffusion and mixing. If banding was a result of hetero- 
geneous intrusion, the larger masses would be least banded. Asa 
matter of fact, the Duluth gabbro, one of the largest known intru- 
sions, is most strikingly banded. 

Thirdly, there is no reason to assume that the differentiation 
which caused the variation in the magma in the deep reservoir 
should suddenly cease upon intrusion into an upper horizon. In 
fact, from the gravitative arrangement it seems almost certain 
that some differentiation did take place. To be sure, if the hetero- 
geneous magma varied in specific gravity, the several parts might 
have been intruded in roughly gravitative position; but even if they 
were, there was nothing to stop the differentiation until the magma 
cooled. In so large a mass as the Duluth gabbro there would be 


plenty of time for further differentiation by settling. The difficulty 
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arises from the fact that if a crop of crystals settled across the 
intrusive bands they would destroy the banding and orientation. 
Fourthly, the alternation of bands found is so varied and extreme 
in composition—from anorthosite to peridotite—that the process 
of filter pressing can hardly yield the liquids which would be needed. 
Finally, the alternating bands, if they represent two liquids 
imperfectly mixed, should consist of a large volume of the upper 
liquid phase and a smaller amount of the phase strained off or 
filter-pressed from below. At Duluth there are found small 





volumes of granophyr and peridotite, with large volumes of anor- 
thosite and immense volumes of olivine gabbro. These would 
hardly result from filter pressing. 

It thus appears that crystal settling and filter pressing and 
heterogeneous intrusion will not explain the structures at Duluth. 
However, other modifications of the idea of heterogeneous intrusion 
may be suggested. The objections mentioned are enough to 
make them all unsatisfactory. The magmas may come from two 
reservoirs or become heterogeneous by any other process, but if 
they did they would have time to mix, and the mixing and crystal 
settling would destroy the banding. The magmas might be in- 
truded, when partly crystallized, as a great mass with “mushy”’ 
consistency. Banding and orientation would be satisfactorily 
explained by this idea, but in such a banded, mushy mass there 
would be no opportunity for gravitative-differentiation. 

It seems necessary to believe that both differentiation and some 
sort of motion were involved in the production of the bands, and 
that these occurred after the magma reached its chamber. It may 
be best to leave the matter open as to the kind of motion that 
occurred, but the idea of convection is an attractive one. 


CONVECTION 
It is suggested that many cases of igneous banding are related 
to convection currents during crystallization differentiation. It 
is not necessary, in conceiving of this action, to regard it as a very 
thorough stirring, but rather as some degree of circulation following 
the intrusion of either homogeneous or heterogeneous magma. 
Neither is the process exclusive. Successive intrusions of hetero- 
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geneous material probably occur, and crystal settling, differentia- 
tion, and deformation all leave their mark; but these things are 
apparently not sufficient to produce the structures seen. Convec- 
tion currents during crystallization result in bands and aid in the 
differentiation. Such a circulation would drag into parallel posi- 
tion any crystal formed near the wall of the chamber just as it 
became lodged in the viscous matrix and was removed from circula- 
tion. Rhythmic effects in the way of cooling, intrusive action, or 
gas emanation (all of which are known to be rhythmic) might 
rhythmically change the mineral composition of the crystals growing 
along the walls, and thus result in banding. Other features also are 
favorable and the writer does not find the mechanics of the process 
at all difficult. 
SUMMARY 

A review of the descriptions of banding in igneous rocks and a 
detailed study of the Duluth gabbro show that the alternation of 
mineralogically unlike bands is commonly accompanied by a 
fluxion structure and in some places by a sheet jointing. 

These structures are found to be parallel to the bounding surfaces 
of the igneous masses in nearly every case. Exceptions should be 
carefully studied and the facts in all cases noted, because such 
a relation of form and structure would be of great value in mapping 
and economic work. 4 

The banding and related structures probably develop during 
crystallization, while the magma is in convection circulation. 
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THE HABITAT OF THE SAUROPOD DINOSAURS 


CHARLES C. MOOK 
\merican Museum of Natural History 


INTRODUCTORY 


In the study of the sauropod dinosaurs which has been carried 
on by the writer for a number of years under the direction of Pro- 
fessor H. F. Osborn in connection with the preparation of the 
latter’s monograph on these reptiles, some problems have presented 
themselves upon which a study of the habitat, or immediate 
environment, has a bearing. 

The course, or trend, of evolution in a group of organisms is 
limited, or controlled, by two things: (1) the heritage or assemblage 
of characters inherited from the ancestors; and (2) the environment. 
The environment offers the organism opportunities for developing 
along a limited number of lines. What these lines will be depends 
upon the general character of the environment. For instance, 
upon inland plains advanced aquatic adaptations, such as are 
characteristic of marine organisms, will be barred out, and under 
strictly marine conditions the development of cursorial locomotor 
apparatus is impossible. This is true no matter what may be the 
heritage of the organism under discussion. Within certain limits, 
however, the environment offers the possibilities or opportunities 
for evolution along a number of lines. The heritage furnishes the 
material or instruments by which, or by a modification of which, the 
organism may evolve along one or more of these lines. 

In working out adaptations and habits in a group of animals 
such as the Sauropoda, morphology, together with comparison with 
living forms, will be the most important guide. Morphological 
structures have meanings, and if these meanings can be interpreted 
the habits of the animals possessing the given structures can be 
determined to a certain extent. A study of the environment of 
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the group in question may aid in interpreting the structures and 
may guide us in determining the habits of fossil animals, because 


certain types of environment definitely exclude certain modes of 
life, as has been noted above. The habits of the animals must have 
conformed to the environment which actually surrounded them 
when they lived. 

The present discussion is concerned with the environment of the 
Sauropoda. The environment of a group of organisms is divisible 
into two components: first, the physical, and second, the biotic. 
These are related to each other in a complex manner, but with 
regard to their relation to a given group they may be considered 
separately. The first is concerned with such things as climate, 
with mountain, plain, delta, lake, or marine conditions, with the 
geographic extent of a given type of physical condition, with means 
of communication and barriers preventing communication or 
intermingling, with the rate of sedimentation and erosion, with the 
presence or absence of volcanic phenomena, etc. The second is 
concerned with food supply, with competition, and with enemies. 
If in a given case the various factors of each of these compo- 
nents may be determined, a comprehensive idea may be had 
of the habitat, or immediate environment, of the group of ani- 


mals involved. 
PHYSICAL ENVIRONMENT 


The physical environment of the Sauropoda is concerned with 
the geology of the Morrison, Arundel, Wealden, and corresponding 
Indian, African, Patagonian, and Malagasy formations. The 
American Morrison may be considered in this connection as an 
example of sauropod-bearing deposits. 

The physical characters of the Morrison, its relations to other 
formations, considered in connection with the general Mesozoic 
history of Western North America, indicate certain definite things 
regarding the geography, topography, climate, and dominant 
physical processes of the time and region in which the Western 
American Sauropoda lived. An extension of this study to include 
world-wide conditions would give a fair idea of the physical 
environment in general. 
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The characters of the Morrison may be discussed under the 
following heads: (1) distribution, present and probable past; 

2) lithology; (3) internal structures; (4) stratigraphic relations; 
5) conclusions regarding conditions of deposition, physical processes 
lominant during the period of deposition, and middle Mesozoic 
history. 

1. The present distribution of the Morrison is indicated on a 
map compiled by the writer.‘ The formation outcrops along the 
astern and western borders of the Rocky Mountains in Wyoming, 
Colorado, and New Mexico; in the rim of the Black Hills; in 
anyons in southeastern Colorado and northeastern New Mexico; 
iround the borders of the Bighorn and Owl Creek mountains in 
Montana and Wyoming; in isolated uplifts in Wyoming; in 
anyons and mesa scarps in northwestern New Mexico, western 
Colorado, and eastern Utah; and in various other occurrences in 
the states mentioned. The outcrops are usually not extensive, the 
formation never being the country rock over a wide area. The 
total area in which Morrison outcrops occur is, however, very large. 
[here are vast areas where the Morrison must unquestionably 
underlie younger formations. The areas in which the Morrison 
was formerly present, but from which it has been removed by 
erosion, are also very large, their exact size not being known at the 
present time. The total area which was formerly covered by 
Morrison sediments must have been extremely large, very likely 
exceeding a million square miles in extent. As remains of sauropods 
are now found at practically every region of Morrison outcrops, it 
follows that the distribution of the Sauropoda in North America 
was also very wide. 

2. Lithologically the Morrison is composed of a variety of rock 
types. The formation is frequently described as a series of ‘joint 
clays,” fine-grained sediments which appear to be fairly well 
consolidated when dry, but which crumble or break readily when 
wet. These are red, brown, gray, or maroon in color. Petro- 
graphically they are fine grits composed mostly of quartz, with 
some argillaceous interstitial material which may or may not be 

* Charles C. Mook, “A Study of the Morrison Formation,” Annals of the New 
York Academy of Sciences, XXVII (1916), 39-191, Pl. VI. 














CHARLES C. MOOK 





402 


stained red by hematite, as the case may be. These grits, esp: 

cially the red ones, are frequently most abundant in the upper leve!: 
of the formation; it is in these upper levels that calcareous materia! 
is more scarce. Beds of sandstone, sometimes of considerab! 

thickness, occur at various levels; these sandstones are made uJ 
principally of quartz, which is often well rounded; feldspar grains 
either fresh or more or less altered, occur along with the quartz 
in some beds grains of volcanic ash, both fresh and altered, ar 
found; and in a few instances beds of coarse sand several feet thick 
are made up of volcanic ash. Limestone beds, usually not over a 
foot or two in thickness, are frequently found in a section; thes« 
are sometimes composed largely of the shells of small gastropods 
They are more common near the base of the formation than in the 
upper members. The lower beds are often arkosic, considerable 
quantities of feldspar being present, often cemented to the accom- 
panying quartz and to each other by a calcite matrix. Thin beds 
of agate are found in some sections. 

Very coarse material is not found in the Morrison. Sandstones 
of a moderate degree of coarseness are common throughout the 
entire area of Morrison outcrops. Such sandstones are, however, 
on the whole thicker and more common in the western exposures 
than in the eastern. 

3. The Morrison contains internal structures of considerable 
interest. In the first place the various strata often appear to the 
eye to extend over considerable distances, but when detailed 
sections are made, even a few miles apart, and compared with each 
other, it is noticeable that the details of the sections vary con- 
siderably. A gradual thinning out of beds of one kind of material, 
and their replacement by another kind, is the rule in this formation. 
For all of this variation the general aspect of the formation in one 
locality is very much like that in another. This type of thing has 
been aptly described by Dr. Lee as “‘ uniformly variable.” In some 
cases the thinning out of beds is sudden, as in the case of the old 
stream channel exposed at the site of the old Marsh-Hatcher 
dinosaur quarry near Cafion City. 

The variation and at the same time the uniformity of the thick- 


ness of the formation are of special interest. The greatest recorded 
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thickness is about goo feet, and it is possible, if not probable, that 
eds are included in this measurement which are older than the 
Morrison. The range in thickness is usually from 700 feet in the 
vestern sections to less than 100 feet in the Black Hills region. 
[his thickness is exceedingly slight for a formation of such vast 
reographic extent as the Morrison. In general, the western sections 
re thicker than the eastern, but this will not hold as an invariable 
ule. Sections of 400 feet or less sometimes occur in the western 
reas, and sections fully 400 feet thick exist in eastern New Mexico. 
No section of more than 500 feet is known from the eastern areas, 
however, and the western sections frequently reach that or a 
creater thickness. The Morrison sediments might perhaps be 
described from the point of view of thickness as a thin mantle of 
sandstones and clays extending over a vast area, thickest in the 
west and thinning out definitely, but irregularly, to the east. 

Cross-bedding is abundant in the beds of the Morrison, espe- 
cially in the sandstones. It is represented by the type described 
by Walther and others as typical of desert deposits, and also by the 
type usually assigned to stream deposition. 

4. The stratigraphic relations of the formation are in a broad 
way disconformable with regard to the underlying terranes. The 
deposits rest upon older formations of various ages, from the 
Unkpapa sandstone of uppermost Jurassic or earliest Comanchean 
age in the Black Hills region to Archean crystallines in the Rocky 
Mountain region. The relation of the Morrison to the overlying 
sediments appears to be a conformable one. The fact that the 
Morrison appears to be closely related to the succeeding formations 
has been pointed out by Lee.‘ For further description of the 
Morrison formation the reader is referred to the above-mentioned 
article on the Morrison by the writer and to the bibliography 
contained therein. 

Taken together, the physical characters of the Morrison indicate 
a history something like the following: After an extensive period of 
erosion, during Jurassic and perhaps late Triassic time, Western 
North America was invaded from the north by the sea, and the 


tW. T. Lee, “Reasons for Regarding the Morrison an Introductory Cretaceous 


Formation,” Bull. Geol. Soc. Amer., XXVI (1915), 303-14. 
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sediments of the Sundance formation were laid down; following 
this the sea retreated, the retreat taking place along with final 
Jurassic folding in the Sierra Nevada region. Over the plain 
exposed by the retreat of the Sundance sea the Morrison sediments 


were spread out in the form of a very broad, very flat alluvial fan 
from west to east. This fan must have been crossed by many 
large streams, dotted with lakes, large and small, and characterized 
by an interlacing type of drainage, much after the manner of the 
great alluvial plains of Eastern China at the present time. The 
plain must have been low, and the streams crossing it must have 
been characterized, for the most part, by a low gradient. Locally, 
especially in the western areas, there may, in fact must, have been 
some deposition in relatively swift currents, as indicated by the 
cross-bedded sandstones. These sandstones being rather fine- 
grained fur the most part and never conglomeratic, true torrential 
conditions were probably not present in any part of the Morrison 
area so far studied. The round sand grains, associated with aeolian 
type of cross-bedding and sudden variations in thickness, indicate 
that wind deposition was also a factor in the gradual building up 
of the Morrison sediments. The presence of unaltered or little 
altered volcanic ash indicates that volcanic activity must have been 
going on somewhere in the region. Over a plain as broad and flat 
as this one must have been material could not have been transported 
rapidly from the original source to the outer limits of the area of 
sedimentation. The sluggish streams of the plain must have 
deposited material and later picked it up again and carried it 
farther very many times before a selected lot of sediment could have 
reached the outer margins. This will account for the greater 
relative abundance of finer clays in the eastern areas. The inter- 
lacing stream, lake, and swamp conditions on such a plain would 
readily admit of rapid shifting of the courses of streams, areas 
which were at one time stream beds constantly changing to inter- 
stream areas, and the reverse. This would result in the slow, 
gradual shifting of material outward. The end result would be the 
product of alternate deposition and erosion, erosion and deposition, 
for a long period of time, the material being very slowly worked 
eastward. In some such manner as this the relatively thin sheet of 
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Morrison sediments may have been spread out over a vast area. 
[In this area of deposition, and living while it was in progress, were 
the Sauropoda and their contemporaries. 


BIOTIC ENVIRONMENT 
I. VERTEBRATES 

The known vertebrate fauna of the Morrison is large and varied. 
[he unknown fauna must have also been larger; perhaps, in fact 
quite likely, larger still. Of the mountain fauna of Morrison time 
nothing can be said, but the mountain fauna was not part of the 
sauropod habitat. 

1. \Mammalia.—Between twenty and thirty species of mammals 
have been reported from Morrison beds. These were small tricono- 
donts, trituberculates, and multituberculates. They are known 
only from teeth and fragmentary jaws, so that their structure and 
adaptations cannot be made out. It has been suggested that they 
were arboreal. They might serve very well for arboreal members 
of the Morrison fauna. These small mammals could scarcely 
have competed with the Sauropoda for food; they certainly could 
not have constituted food for the Sauropoda in themselves; nor 
could they have been directly formidable as enemies. It has been 
suggested, however, that they may have fed, in part at least, upon 
reptilian eggs. If they did, and if they existed in large numbers, 
they may have been very troublesome companions for the sau- 
ropods. 

2. Aves.—Only one species of bird is known from the Morrison. 
Undoubtedly more were present in Morrison time, but there is no 
direct evidence of their existence. It is not likely that the birds 
had any important effect upon the lives of the sauropods, although 
they may have had something to do with the distribution of species 
of plants which perhaps composed part of the sauropod diet. 

3. Reptilia.—The reptilia of the Morrison were many and 
varied. They all represented degrees of organization and stages 
of evolution which were comparable to the degree of organization 
and stage of evolution of the member of the fauna under discussion 
the Sauropoda. Undoubtedly there was competition of several 
sorts between the Sauropoda and their reptilian contemporaries. 
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The reptilian fauna of the Morrison suggests the following 
analysis: 

a) Rhynchocephalia. The only modern representative of this 
group is non-marine, and there is nothing in the structure of the 
single Morrison representative of the order to suggest that it was 
anything different. It may perhaps have been amphibious, or 
fluviatile, or terrestrial. It is not probable that there was any 
direct competition between the members of this group and the 
sauropods. 

b) Crocodilia. Several species of mesosuchian crocodiles are 
known to have existed in Morrison time along with the Sauropoda. 
The modern crocodiles are amphibious creatures, either fluviatile 
or lacustrine, not marine, and the Morrison forms probably lived 
in a similar manner. They were good-sized, active, carnivorous, 
relatively intelligent animals, which may easily have preyed upon 


the young of the Sauropoda. 

c) Pterosauria. The pterodactyls were aérial forms. One 
species is known from the American Morrison. It is hardly to be 
expected that sauropod dinosaurs and pterosaurs would enter into 


any direct conflict or competition with each other. 

d) Squamata. Lizards, snakes, and mosasaurs are entirely 
unknown from the Morrison. Some of them must have been living 
somewhere at the time, for lizards are known to have existed since 
the Triassic, and mosasaurs appear well developed early in the 
Cretaceous. Consider in this connection the fact that the mosa- 
saurs were marine animals. 

e) Chelonia. Turtles at the present time are marine, fluviatile, 
lacustrine, or terrestrial. Only one species in this group is known 
from the Morrison, and it is probable that the chelonian ele- 
ment in the Morrison fauna was not very important. The 
turtles could hardly have come into severe competition with the 
Sauropoda. 

f) Sauropterygia and Ichthyopterygia. The plesiosaurs and 
ichthyosaurs were entirely marine. No trace of them has been 
found in Morrison rocks, though they must have been living in the 
sea during Morrison time. They are found in marine rocks both 
younger and older than the Morrison. 
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g) ‘Dinosauria.’”’ The two great orders of reptiles collectively 
known as “Dinosauria’’ were represented in the Morrison by a 
variety of forms. These were all terrestrial or amphibious, perhaps 
some forms being largely fluviatile or lacustrine. Of the sauris- 
chians there were present, besides the sauropods, several types of 
carnivorous forms. Some of these were small, active, and not very 
formidable. Ornitholestes may be considered as a typical example 
of this group. Probably these small dinosaurs had little impor- 
tance, so far as the Sauropoda were concerned, unless, perhaps, 
they ate sauropod eggs. They were too small and weak to attack 
the sauropods, and by their activity and carnivorous structure 
could obtain food that would not be available for gigantic, largely 
herbivorous swamp dwellers. The larger carnivorous dinosaurs, 
such as Allosaurus, Creosaurus, and Ceratosaurus undoubtedly 
played a very important part in sauropod economy. The asso- 
ciation of carnivore teeth and grooved sauropod bones is in perfect 
accordance with the idea that the sauropods were prey for the large 
carnivores. The large carnivores were unquestionably land-living 
forms. It is not at all likely that they entered the water except 
under unusual circumstances or along the margins. The gigantic 
sauropods, therefore, were less likely to be attacked in the water 
than on land. This may have tended to keep the sauropods in the 
water, and may have had considerable control over the evolution 
of the group. The ornithischian dinosaurs must also have had an 
effect upon the Sauropoda, but as competitors rather than as direct 
enemies. The stegosaurs and the iguanodonts, both large and 
small, existed along with the sauropods. These forms, especially 
the stegosaurs, were probably land animals. They were herbivo- 
rous beyond all doubt. If the sauropods spent a considerable part 
of their time on land they must have come into competition with the 
predentates in the matter of getting food. Perhaps such a competi- 
tion took place early in the history of the Sauropoda, and may have 
been instrumental in forcing the latter to take to the streams, and 
finally to develop some aquatic adaptations and spend the greater 


part of their time in the water. The predentates may have aided 


the sauropods in their struggle for existence by furnishing a con- 
siderable amount of food for the carnivores. If the predentates 
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and carnivores were almost exclusively terrestrial and the sauropods 
largely aquatic in habit, the latter might escape the carnivores much 


more frequently than if the predentates were not present. 

4. Amphibia.—The known amphibian fauna of the Morrison 
consists of one frog or toad. A fauna of this nature could scarcely 
have had any effect upon the lives or development of the Sauropoda. 

5. Pisces.—The only fishes known to have existed along with the 
American Sauropoda were a few species of Ceratodus. These could 
hardly have furnished food for the sauropods, or have had any 
direct effect upon the security of the latter. 


Il. INVERTEBRATES 


Che known invertebrate fauna of the Morrison is neither very 
large nor varied. It consists of a number of fresh-water pelecypods 
and gastropods, together with a few ostracods. None of these were 
large enough nor abundant enough to have served as an essential 
part of the diet of the sauropods, but they may have served as 
accessories, to a very small extent, to the normal sauropod diet. 


Ill. FLORA 

The known flora consisted almost entirely of cycads. These 
might also have comprised an accessory portion of the sauropod 
diet, but probably not much more. The remainder of the Morrison 
flora is very little known. Silicified wood is found occasionally, 
and rarely some imperfect reeds. The Kootenie formation contains 
leaves of deciduous trees, but few if any sauropods. The Arundel 
formation of Maryland contains both sauropod bones and deciduous 
leaves. The latter also might have formed an accessory part of the 
food of the sauropods, but could scarcely have been abundant 
enough to have sustained their huge bulk. In a region such as 
the one described above there might have been a considerable 
amount of soft vegetation which would not be easily preserved. 
In the interstream areas, especially where considerable amounts of 
windblown sands were being deposited, little vegetation may have 
been present, certain areas being semiarid. Other areas were 
probably well covered with vegetation. The character of the 
known flora suggests a rather warm climate. and the physical 
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conditions point more to an abundance of rainfall than to a wide- 
spread lack of it. We may therefore conclude, provisionally at 
ast, that the climate was warm and moist. 
INTERPRETATION OF HABITAT 
From the evidence of the physical characters of the Morrison 
ormation and from the nature of its flora and fauna it may be 
ossible to work out, to a certain degree at least, the environment 
vhich surrounded our American Sauropoda. In the first place, 
here was a vast plain in the Western United States, possibly 
extending northward into Canada; this plain was low throughout 
its entire extent, but slightly higher in the west than in the east; 
it was bordered on the west by mountainous country. From this 
mountainous area streams issued, bringing sediment and depositing 
it along the western border of the plain. The streams, upon leaving 
the mountains, became sluggish and split up into a large number of 
distributaries. As in the great plains of China, streams would be 
split up into distributaries and united again. Between the streams, 
and more or less connected with them, were lakes. A considerable 
amount of vegetation was present, especially along the stream and 
lake banks. In this respect the plain would resemble the interior 
of Florida, which has often been suggested as the type of habitat 
possible for sauropod dinosaurs. Our Morrison plain would differ 
from Florida, however, in its extent, the central Florida swamps 
being relatively small and the Morrison plain being a million square 
miles or more in area. In some of the interstream areas, especially 
in the west, vegetation may have been more scarce. Active 
volcanoes were present somewhere, either in the mountains or on 
the plain. Somewhere to the southeast was the sea, but its exact 
border is not known, especially with regard to the earlier part of 
Morrison time. On this plain lived an extensive terrestrial, 
amphibious, fluviatile, or lacustrine fauna. Little, primitive 
mammals climbed the trees or scurried over the ground; here and 
there some birds flew through the air; along the shores of the lakes 
and rivers lived some Sphenodon-like rhynchocephalians; ptero- 
saurs flew through the air; some turtles swam about in the water; 
crocodiles inhabited the stream and lake banks, and infested the 
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waters themselves. On land, large and small carnivorous dinosaurs 
roamed about, seeking what they might devour; stegosaurs and 
camptosaurs endeavored to escape their voracious contemporaries; 
some frogs inhabited the swamps. In the rivers and lakes lung 
fish swam about. Fresh-water mollusks and crustaceans lined 
the river and lake bottoms in places or swam about freely in the 
water. Cycads grew in abundance, and soft swamp vegetation 
probably furnished the food supply for hungry reptiles. In some 
such environment as this, or at any rate in one very much like it, 
lived the American sauropod dinosaurs. So far as is indicated 
by evidence now directly available, conditions of practically the 


same sort prevailed in other parts of the world inhabited by 


Sauropoda. 
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WASHINGTON, Henry S. ‘Some Lavas of Monte Arci, Sardinia,” 
Amer. Jour. Sci., XXXVI (1913), 577-90, analyses. 
The extinct volcano Monte Arci has not been described since 1857. 
[t consists of a core of rhyolite with later dacites, andesites, trachytes, 
ind basalts. The various lavas are described petrographically and 
hemically. Seven analyses are given and they are recomputed in the 


C.I.P.W. system. 


WASHINGTON, Henry S. “The Composition of Rockallite,”’ 

Quart. Jour. Geol. Soc., LXX (1914), 294-302. 

This paper describes a peculiar aegirite-granite from Rockall. A 
chemical analysis gives SiO, 69.80, while a previous and probably 
accurate analysis of the other half of the same specimen gave 73.60. 
[his shows the great variation possible in a single small specimen. 


WASHINGTON, Henry S. ‘An Occurrence of Pyroxenite and 
Hornblendite in Bahia, Brazil,’ Amer. Jour. Sci., XXXVIII 
(1914), 79-90, analyses. 

Describes a hornblendite with a border of pyroxenite intruded in 
gneiss. The rocks contain considerable manganese. They are interesting 

since they possess absolutely no feldspar and yet show from 18 to 30 


per cent in the norms. 


WaAsHINGTON, Henry S. “I Basalti Analcitici della Sardegna,” 
Boll. Soc. Geol. Ital., XXXIIT (1914), 147-67. 
A translation of “The analcite basalts of Sardinia” which appeared 
in this Journal, Vol. XXII (1914), 742-53. 
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WASHINGTON, Henry S. “Contributions to Sardinian Petrog 
raphy. I. The Rocks of Monte Ferru,” Amer. Jour. Sci.., 
XXXIX (1915), 513-29, figs. 2, analyses. 

In this paper are described trachyte, trachytic phonolite, basalt, 
and analcite-basalt from Monte Ferru, Sardinia. 


WASHINGTON, Henry S. “The Calculation of Calcium Orthosili 
cate in the Norm of Igneous Rocks,” Jour. Wash. Acad. Sci., 
V (1915), 345-50. 

Calcium silicate, which was originally calculated in the C.I.P.W. 
system as 4CaO. 3SiO., was later (1912) revised as 3CaO. 2SiO,. This 
is again revised and now the orthosilicate 2CaO. SiO, is used in calculating 
the norm. A table is given which may be cut out and pasted over the 
akermanite table given in the C.I.P.W. book. 


WASHINGTON, Henry S. “The Correlation of Potassium and 
Magnesium, Sodium and Iron in Igneous Rocks,” Proc. Nat. 
Acad. Sci., I (1915), 574-78. 

The writer shows that in igneous magmas potassium and magnesium 
on the one hand and sodium and iron on the other probably vary 


together. 


WASHINGTON, H. S., and Day, ArtHur L. “Present Condition 
of the Volcanoes of Southern Italy,” Bull. Geol. Soc. Amer., 
XXVI (1915), 375-88, pls. 9. 

\ record of the state of activity and other conditions at Vesuvius, 

Etna, and the olian Islands during the summer of 1914. The general 

results of the observations and studies of gases, salts, and rocks collected 


will be given in a subsequent paper. 


Watson, Tuomas L., and TABER, STEPHEN. “ Magmatic Names 
Proposed in the Quantitative System of Classification for Some 
New Rock Types in Virginia,” Bull. Phil. Soc. Univ. of Virginia 
Scientif. Ser., I (1913), 331-33. 

Proposes four new names in the C.I.P.W. system, for rocks found in 


Virginia. 
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Watson, THomas L., and Citing, Justus H. “Petrology of a 
Series of Igneous Dikes in Central Western Virginia,” Bull. 
Geol. Soc. Amer., XXIV (1913), 301-34, pls. 3, figs. 5, analyses. 
Describes a series of dikes occurring in Rockbridge, Augusta, Rock- 
ngham, and Highland counties, Virginia. The rocks are diabase, 
granite-felsophyre, quartz-gabbro, nephelite-syenite, teschenite, and 
amptonite. All the rocks are analyzed and their positions in the 
C.I.P.W. system are determined. 


Watson, THomaAs L., and TABER, STEPHEN. “Geology of the 
Titanium and Apatite Deposits of Virginia.”” Bull. IJI-A, 
Virginia Geol. Surv., 1913. Pp. 308, pls. 37, figs. 22, 7 pp. 
bibliography on titanium. 

After a general discussion of the titanium minerals and a brief 
description (28 pp.) of the rutile deposits of the world, the geology of the 
ore deposits in the Amherst-Nelson region is given.. The rocks are 
described in detail, and chemical analyses of some of the associated 
rocks—biotite-quartz-monzonite-gneiss, syenite, gabbro, nelsonite, and 
diabase—are given. In the first the plagioclase is oligoclase, Ab.An,; 
the second rock is really an andesinite, or andesine-anorthosite as used 
by the authors; the rock described as gabbro consists chiefly of andesine 
and hypersthene with ilmenite, apatite, orthoclase, quartz, biotite, etc. ; 
the nelsonite is a dike-rock consisting essentially of ilmenite and apatite. 


Wuerry, Epcar T. “A Peculiar Oolite from Bethlehem, Pennsyl- 
vania, Proc. U.S. National Mus., XLIX (1915), 153-56, pls. 2. 
Describes an oolite in which the ooids show a “‘ half-moon” effect, the 
upper portions being light and the lower dark. An explanation for this 


peculiar character is given. 


WuHerryY, EpGar T., and GorpoN, SAMUEL G. ‘An Arrangement 
of Minerals According to Their Occurrence,’ Proc. Acad. 
Nat. Sci., Philadelphia, 1915, 426-57. 

Minerals are classified according to their occurrence in igneous rocks, 
pegmatites, hydrothermal deposits, fumerolic deposits, or sediments. 
Each of these main divisions is subdivided into various groups, and under 
each is given a list of the minerals which occur. It is a very useful list. 

















474 PETROLOGICAL ABSTRACTS AND REVIEWS 


Wuerry, Epcar T. “The Microspectroscope in Mineralogy.” 
Smithsonian Miss. Col.. LXV (1915), No. 5. Pp. 16. 
Descriptions of the spectra observed in the examination of about 


200 minerals with the microspectroscope. 


WILkMAN, W.W. “Kaleviska bottenbildningar vid Mélénjarvi.”’ 
Bull. com. géol. Finlande, No. 43, 1915. Pp. 36, figs. 11. 
A geological description of the basal formations near Lake Mdlén- 
jirvi, in east Finland. Granite, conglomerate, quartzites, various 


schists and phyllites, and basic dikes are described. 


Wricut, Frep. EuGene. ‘An Electrical Goniometer Furnace 
for the Measurement of Crystal Angles and of Refractive 
Indices at High Temperatures.” Jour. Wash. Acad. Sci., 
III (1913), 396-401. 

Describes a furnace for measuring the interfacial angles and refrac- 


tive indices of crystals at temperatures up to 1225°. 


WRIGHT, FreD. EuGeNe. ‘Graphical Methods in Microscopical 
Petrography,” Amer. Jour. Sci., XXXVI (1913), 509-39, pls. 

5, figs. Q. 
The writer gives eight charts for the solution of the following equa- 
tions: sin i=” sin r, sin? i=? sin? r, cot A= B.cot C, sin A =sin B. sin C, 


I I I I 
yi — ql! ’ ° . 3? az P B a2 
e =sin 6, sin 6,, tan? Va=' Yi tanVa= ! # 
ya I I I I 

a? 8 \a fos 


Wricut, Frep. EuGENeE. “The Change in the Crystal Angles of 
Quartz with Rise in Temperature,” Jour. Wash. Acad. Sci., 
III (1913), 485-94, figs. 2. 

The polar angle p of the unit rhombohedron was found to decrease 
at an increasing rate until the temperature of 575° was reached. Here, 
with the inversion of a-quartz to 8-quartz there is an abrupt decrease 
of 2’ in the angle, and the value remains constant thereafter to 1250°. 
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WRIGHT, FreD. EuGENe. ‘‘The Measurement of the Refractive 
Index of a Drop of Liquid,” Jour. Wash. Acad. Sci., IV 
(1914), 269-79, figs. 14. 

Describes various methods for measuring the refractive index of 
liquids, five of them new methods for the petrographic microscope. 


WRIGHT, Frep. EuGene. “The Determination of the Relative 
Refringence of Mineral Grains under the Petrographic Micro- 
scope,” Jour. Wash. Acad. Sci., IV (1914), 389-02. 

Describes a new diaphragm for observing relative refractive indices. 


Wricut, Frep. EvGene. ‘‘The Optical Character of the Faint 
Interference Figure Observed in High Power Objectives be- 
tween Crossed Nicols,” Jour. Wash. Acad. Sci., IV (1914), 
301-09. 

Explains the positive character of the interference figure produced 
by the rotation of the vibration plane of the transmitted light. 


Wricut, Frep. Evcene. ‘A New Half-Shade Apparatus with 
Variable Sensibility,” Wash. Acad. Sci., IV (1914), 309-13. 
Describes a device for varying the sensibility of a half-shade appa- 

ratus. 


WriGuT, Frep. Evucene. ‘‘A Simple Method for the Accurate 
Measurement of Relative Strain in Glass,” Jour. Wash. Acad. 
Sct., IV (1914), 594-08. 

Describes a wedge with which it is possible to measure path- 


differences of less than rpm. 


WriGcuT, Frep. EvuGENe. ‘“ Measurements of Refractive Indices 
on the Principal Optical Sections of Birefracting Minerals in 
Convergent Polarized Light,” Jour. Wash. Acad. Sci., IV 
(1914), 534-42. 

Two refractive indices are measured by the immersion method, the 
third by measurements made on the rings in the interference figure. 
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WRIGHT, Frep. EvGene. “The Accurate Measurement of the 
Refractive Indices of Minute Crystal Grains under the Petro 
graphic Microscope,” Jour. Wash. Acad. Sci., V (1915), 101-7. 

Considers the conditions necessary for the exact measurement of 
refractive indices of minute crystal particles by the immersion method. 


WRIGHT, FRED. EUGENE. ‘‘A New Crystal-Grinding Goniometer,”’ 
Jour. Wash. Acad. Sci., V (1915), 35-41. 
Describes the precision goniometer used in the Geophysical Labora- 
tory, which is capable of grinding a plate to within 1° of the required 


position. 


Wricut, Frep. EvuGene. “Obsidian from Hrafntinnuhrygghur, 
Iceland. Its lithophysae and Surface Markings,” Bull. Geol. 
Soc. Amer., XXVI (1915), 255-86, figs. r2. 

The writer discusses the formation of spherulitic, lithophysal, and 
pumiceous structures in the obsidians of Iceland, as well as certain mark- 


ings produced by the etching effect of hot volcanic gases. 


Wricut, Frep. EuGene. “The Position of the Vibration Plane 
of the Polarizer in the Petrographic Microscope,” Jour. 
Wash. Acad. Sct., V (1915), 641-44. 

The writer concludes that there is a slight practical advantage in 


having the plane of vibration parallel to the vertical cross-hair. 


Wricut, Frep. EvuGene. ‘A Simple Device for the Graphical 
Solution of the Equation A=B.C,” Jour. Wash. Acad. Sci., 
VI (1916), 1-5. 
Describes a device by means of which certain formulae may be solved 


by the use of a series of scales. 


Wricut, Frep. EuGene. “A Geological Protractor,”’ Jour. 
Wash. Acad. Sci., V1 (1916), 5-7. 
A device for solving various problems, such as the slope of any bed, 


in the field. 


Wirine, E. A., and Becut, K. “Uber neue Turmalinanalysen,”’ 
Sitsb. Akad. Wiss. Heidelberg, 1913. A-20. Pp. 10, analyses. 
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WitrinG, E.A. “ Uber Kristallwinkel bei verschiedenen Tempera- 
turen,” Sitsb. Akad. Wiss. Heidelberg, 1913. A-21. Pp. 5, 
figs. 2. 

In the determination of the changes produced in crystal angles it 
sometimes necessary, on account of the irregular natural faces, to grind 
rtificial faces. The present paper deals with the question as to the 
ost advantageous angle at which they should be cut, and the con- 
lusion is reached that this is 45° with the base. If possible it is better 
© measure across the base from one pyramidal face to another, thus 

101) to (101). 


WULFInc, E. A., and OPPENHEIMER, L. ‘Neue Untersuchungen 
an Cordierit,” Sitzb. Akad. Wiss. Heidelberg, 1914, A-—10. 
Pp. 13, figs. 1. 


New determinations on cordierite from eight localities. 


Wirinc, E. A., and Horner, F. “Die kristallographischen 
Konstanten des Stauroliths vom St. Gotthard,” Sitsb. Akad. 
Wiss. Heidelberg, 1915, A-1o. Pp. 11. 


Gives new determinations of interfacial angles and axial ratios. 


Wi rine, E. A. “Lassen sich die kristallographischen Funda- 
mentalwinkel der Plagioklase mit der Zusammensetzung in 
gesetzmiassige Beziehung bringen ?”’ Sitzsb. Akad. Wiss. Heidel- 
berg, 1915, A-13. Pp. 24, figs. 6. 

New determinations of crystallographic properties make it possible 
to say with certainty that these properties follow a definite law. 


ZIEGLER, Victor. ‘The Minerals of the Black Hills.”” Budll. 20, 
South Dakota School Mines, 1914. Pp. 255, map 1, pls. 30, 
figs. 26, bibliography. 

In this bulletin the writer describes briefly, for the benefit of the 
miner, prospector, and student, all the minerals known to occur in the 
Black Hills. There are included three very good tables for the mega- 
scopic determination of the minerals, as well as many full-page illustra- 
tions. 

The book should be of great value to everyone working in the 
Black Hills region. 














REVIEWS 


Geology and Paleontology of the Raton Mesa and Other Regions in 
Colorado and New Mexico. By Wiis T. Lee and F. H. 
KNOWLTON. U.S. Geological Survey, Professional Paper 
No. ror, 1917. Pp. 450, pls. 103, figs. 16. 

This interesting paper presents many details concerning the geology 
of the areas indicated by the title. To the general reader the large 
interest of the paper centers in the correlation of disputed formations 
in the several regions discussed, and in the attempt to establish their 
time-relations to formations elsewhere. Some of the significant con 
clusions are the following: 

“The coal-bearing rocks of the Raton Mesa region which have 
formerly been referred to the Laramie constitute two distinct formations 
separated in time by a period of erosion.”” The lower of these two 
formations (Vermejo) contains a Montana flora, and “is more closely 
related to the Mesa Verde of western New Mexico than to any other 
formation we have examined.” The coal-bearing rocks of the Canyon 
City field are correlated with the Vermejo, which is thought to be 
approximately equivalent in age to the Fox Hills formation of the 
Denver basin. 

“The upper coal-bearing formation of the Raton Mesa region, to 
which the name Raton is here applied, is Eocene in age and contains a 
flora distinct from that of the Laramie of the Denver basin, but similar 
to that of the post-Laramie formations of that basin and to that of the 
Eocene Wilcox group of the Gulf coast.” 

“The unconformity between the Vermejo and Raton formations 
represents a time interval comparable to that... . separating the 
Laramie from the Arapahoe of the Denver basin.”’ 

“The coal-bearing rocks of the Cerrillos, Hagan, Tijeras, and Rio 
Puerco fields are essentially equivalent in age to the Mesa Verde of the 
San Juan basin.” 

The plants of the formations described in this paper are discussed by 
Mr. F. H. Knowlton, who indicates that the flora of the Raton formation 
indicate ‘‘a relatively moist, warm situation, whose temperature did 
not fall much if any below 42°F,” and that the floral hiatus between the 
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Vermejon and Raton floras can be explained only by the lapse of a very 
long period of time. Specifically Mr. Knowlton, on the basis of plant 
fossils, correlates the Raton formation with the Wilcox formation. and 
probably with the Midway formation of the Gulf region.” 
The paper tends to confirm the conclusion which has been growing 
for many years that the Raton and equivalent formations are of Eocene— 
ot of Cretaceous—age. 
The general conclusion is reached that the Raton formation is essen- 
ially equivalent to the Arapahoe, the Denver, the Dawson, the Fort 
nion, the Wilcox, and perhaps the Midway formations. 


R. D. S. 


Wy Reminiscences. By RAPHAEL PUMPELLY. New York: Henry 

Holt & Company, 1918. 2 vols. Pp. 844, maps, ills. 

In these two volumes the reader will find a most fascinating story of 
the very remarkable adventures and varied experiences which were 
crowded into the long life of this eminent American geologist. As the 
central figure was an inveterate traveler, roaming over a large portion 
of the globe when traveling was vastly different from what it now is, 
the work is first and foremost a book of travel. 

After studying at Freiberg and taking long vacation rambles through 
the mountains of Corsica and various other parts of Europe as the fancy 
struck him, Pumpelly returned to the United States and in 1860 began 
his professional work at the Santa Rita mines in Arizona. The Apache 
terror was then at its height, and Pumpelly alone of five successive 
superintendents of the mine was not murdered. Chance then took him 
to Japan, where in the employ of the Japanese government he conducted 
geological investigations and introduced certain improvements into 
Japanese methods of mining. It was but one step more to China, where 
a year and a half were devoted to private travels and geological explora- 
tion for the imperial government—experiences and researches which are 
vividly sketched. For the return journey to America several alternative 
routes were open, but with the true instinct of adventurous travel the 
author chose a winter journey across Mongolia and Siberia to Europe by 
saddle-horse and sleigh. 

In our own country the author’s most significant explorations were 
those in the Lake Superior region between 1867 and 1871, when the Lake 
Superior iron ores were beginning to attract attention. These reminis- 
cences are of special interest for the light they throw on the discovery and 
beginnings of the Menominee and Gogebic iron ranges. It was here in 
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1871 that Pumpelly, owing to a combination of circumstances, declined 
the chance to take up all the even-numbered sections along twenty miles 
of the Gogebic iron range and thus, as he himself expressed it, ‘‘ missed 
the opportunity of a lifetime.” 

In 1903-4 occurred what the author regards as the most interesting 
part of his life—namely, the Carnegie expedition to Turkestan under his 
leadership. The purpose was to test the hypothesis that Central Asi: 


was the primitive home of the Aryan race, by studying the traces oi 


prehistoric civilizations and seeking evidences of geological and climatic 


changes during and since the glacial period. In a way it was the climax 
of the author’s travels and professional work. Excavation at Anau ii 
southern Turkestan revealed, among other things, the fact that the Stone 
(ge inhabitants of this region used stone sickles with sharp cutting edges, 
while arrowheads and weapons of the chase were unknown to them 
From this and other lines of evidence it seemed safe to conclude that the 
Neolithic peoples of Turkestan were not hunters but agriculturalists. 
Though sketching a scientific career, the topics treated are so spiced 
and stocked with amusing anecdotes that they must appeal strongly 
to the general reader as well as to the geologist. The narrative is lively 


and always interesting. 





